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LOWEST ENERGY ELECTRONIC STATES OF THE RARE EARTH MONOXIDES

A. INTRODUCTION

The electronic spectra of the rare earth monoxides have been nearly

intractable for two reasons: There is a tremendous number of molecular

electronic states (typically more than 100) expected to occur below 3eV,

these states all have nearly identical rotational and vibrational constants

(to within 2%) and are, therefore, not readily distinguishable from each

other. It has been necessary to develop laser spectroscopic methods which

are capable of resolving and dealing unambiguously with complex spectra,

recognizing individual electronic states and organizing them into partial

energy level diagrams, and linking partial level diagrams for groups of

states which, because of selection-rule restrictions, involve mostly disjoint

groups of electronic states. In order to provide information of value to

either thermochemists or theoreticians, it is important to know that all

of the lowest energy electronic states have been found. To this end, a

crystal field model, which relates the molecular energy levels to those

of the free M- ion, has been developed and tested for the 4f6s configuration

of CeO.

A number of publications have resulted from this contract and these

are attached to this report as Appendix. Briefly, the results are summarized

below.



-4-

B. SUMMARY OF RESULTS

1. CeO Electronic Structure

In collaboration with Professor C. Linton (University of New Brunswick,

CANADA), Dr. R.F. Barrow (Oxford University, ENGLAND), and Dr. P. Carette

(Universite des Sciences et Techniques de Lille, FRANCE), an energy level

diagram for CeO has been constructed which incorporates all known electronic

transitions. Below 4500 cm-1 , there are expected to be 16 molecular states

derived from the Ce+2 (4f6s)O2 ( S) configuration, of which we have located

15. The energies of these states are well represented by a 5-parameter

crystal field model, which should also be applicable to higher lying states

of CeO as well as to other rare earth monoxides and monohalides. Several

hidden Hund's case 'c' quantum numbers have been revealed by this model;

these include the M+2 total angular momentum, Ja' and parity.

2. PrO Electronic Structure

The lowest energy configuration for PrO is probably Pr+2 (4f2 6s) which

gives rise to 91 i-doubled molecular electronic states (within a

30,000 cm - energy range). Other low-lying configurations (f2 d - 910,

f3 - 364) give rise to far more states. An important clue to the

configurational parentage of each electronic state of PrO, which is not

available for the I1= 0 140Ce58 monoxide, is the 141pr'9avaiabl fo th I r~9 I =5/2 magnetic

hyperfine structure. The rotational and hyperfine structure of PrO electronic

__,774 I
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systems XII through XXII has been analyzed. Fluorescence spectra excited

via assigned lines from the above systems reveal numerous (>11) low-lying

electronic states and have permitted construction of several partial energy

level diagrams. All but one of the states for which hyperfine structure is

observed derive from configurations involving a singly occuplied Pr+2 6s

orbital. We expect to be able to make configurational and Ja assignments

for the 4f26s states of PrO and to predict the approximate energies

(to + 500 cm- ) of all 91 states of this configuration.

3. EuO, YbO, and CuO

The excitation and fluorescence spectra of the 599 nm band of EuO have

been recorded. Exploratory spectra of YbO have been recorded. Doppler-

limited excitation spectra of the CuO A2 Z-X2Ti and A'2E-X 211 systems reveal

hyperfine structure only the the latter system, which will be useful in

determining the configurational parentage of the X, A, and A' states.

4. PUBLICATIONS

The publications which have resulted from this work are:

1. C. Linton, M. Dulick and R.W. Field, "Laser Spectroscopy of CeO.

Fluorescence of the C1-X1 and D3-X3 Systems," J. Mol. Spectrosc.

78, 428-436 (1979).

2. M. Dulick, R.W. Field and J. Cl. Beaufils, "On the Hyperfine

Structure of the 0-0 Band in the PrO XVII System," J. Mol.

Spectrosc. 78, 333-334 (1979).
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3. C. Linton, P. Carette, R.W. Field, M. Dulick and R.F. Barrow,

"Low Lying States of CeO," J. Chem. Phys. 74, 189-191 (1981).

4. 0. Appelblad, A. Lagerqvist, I. Renhorn, and R.W. Field, "The

Spectrum of CuO: Low Lying Electronic States Observed by

Laser Induced Fluorescence," Physica Scripta, 22, 603-608 (1980).

5. M. Dulick, R.W. Field and J. Cl. Beaufils, "Rotational and

Hyperfine Analysis of the 0-0 Band of the PrO XX System,"

J. Mol. Spectrosc. 00, 000-000 (1981).

6. M. Dulick, R.W. Field, J. Cl. Beaufils and J. Schamps, "The

Electronic Spectrum of PrO. Energy Linkages, Rotational

Analysis, and Hyperfine Structure for Systems XVII and XXI,"

J. MOl. Spectrosc. 00, 000-000 (1981).

7. C. Linton and M. Dulick, "Optical-Optical Double Resonance

Spectra of Cerium Oxide," J. Mol. Spectrosc. 00, 000-000 (1981).

8. C. Linton, M. Dulick, and R.W. Field, "Laser Spectroscopy of CeO:

Identification and Assignment of the Low Lying States," J. Mol.

Spectrosc. 00, 000-000 (1982).

5. INTERACTIONS AND PRESENTATIONS

4-79 Air Force Geophysics Laboratory, Hanscom AFB, "What You

Wanted to Know About Spectroscopic Properties of Small

Molecules But Were Afraid to Ask."

9-79 Sixth Colloquium on High Resolution Molecular Spectroscopy,

Tours, FRANCE, Talks BlO, J12.
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J. Cl. Beaufils, P. Carette, M. Dulick and R.W. Field,

"Structure Hyperfine du Monoxyde de Praseodyme."

P. Carette, J.Cl. Beaufils, M. Dulick, and R.W. Field,

"Laser Spectroscopy of Cerium Monoxide."

6-80 Molecular Spectroscopy Symposium, Columbus, Ohio,

papers MF9, MFIO.

C. Linton, M. Dulick, R.W. Field and P. Carette, "Laser

Spectroscopy of CeO: The X2 State Manifold."

M. Dulick and R.W. Field, "The Electronic Structure

of PrO."

6. PERSONNEL

1. Visiting Scientists

Dr. Richard F. Barrow, Oxford University, U.K. (CeO)

Dr. Jean-Claude Beaufils, Universit4 des Sciences et Techniques

de Lille, FRANCE. (PrO)

Dr. Pierre Carette, Universit4 des Sciences et Techniques

de Lille, FRANCE. (CeO)

Professor Colan Linton, University of New Brunswick, CANADA. (CeO)

2. Postdoctorals

Dr. Philip G. Cummins

Dr. Ingemar Renhorn (EuO, SmO, PrO)

3. Graduate Students

Dr. Michael Dulick (CeO, PrO, EuO, YbO, Crystal Field Model)

Ph.D. September 1981.
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4. Undergraduates

Mr. Alain Drooz (EuO, SmO, PrO)

B.S. May 1980

Mr. Paul S. Weiss (EuO)

B.S. and M.S. May 1980
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Appendix

JCPUIkNAl OF MOt EC(L A R SPECIROS(OP'i 7M. 428-436i1 979)

Laser Spectroscopy of Ceo

Fluorescence of the C,-X, and D;,-X:, Systems

C. LIN-TrON
PhY ic' Department. tlniieri t i ,if Brit ii i.. Freder cain. Ne o Brun si(4 CanadaE358 54?

AND

M. DuCItK AND R. W. FIELD

Deprtmnt f hr ~wstr an .Sc fri'iipvLu aorararv. Ma~iiae-hu.wie, i n ~titi4(i' i'feznol'y.
GItni, ildv.''.lxcitiet 02139

Fluoirescence ;pectra of the CeO molecule have been obtained using a chemni-
luninescent Ce +- 02 flame and both argon and cw dye lasers. Spectra obtained with the
498.0 and 514.5-nm lines of an argon laser are shown to contain vibrational progreN~ton%
of the 1)()AXt4l) and C,(3)-,k,(2) transitions. respective> O n labeling the %tates. the
letter and subscript refer to a specific electronic state or substate. and the number in
parentheses is S1.) Analysis of these spectra has led to a determination of vibrational
constants for the X, state. and the separation of the two lowest vibrational levels in
the C,. 1).,. and X,, states, Transitions to several additional electronic states have
also been observed.

INTRODUCTION

Recent assignment-, of several features in optical spectra of S-type stars to
the CeO molecule U -3) emphasize the need for a detailed understanding of this
molecule. Laboratory studies have resulted in compilations of over 300 band-
heads (4, 5) and extensive rotational analyses of about 36 absorption bands
(5-7). No obvious vibrational patterns have emerged from bandhead data. Rota-
tional analyses have provided rotational constants for 34 substates but because,
with the exception of the B2(4)-X.,3) transition. all analyzed bands are in

Av=0 sequences, gas phase vibrational spacings have only been obtained for
the B., and X,, states. Vibrational frequencies, w_. have been estimated for other
states using the Kratzer relation, w. = 4B',IDr. The analyzed bands fall mainly
into three groups, each involving transitions to a common lower electronic state
(or substate) with the result that eight low lying states have been observed and
separations of many of the higher lying states are known. However, the data
have so far only linked together two of the low lying states (X14(3)-X.,3) 2060
cm - ) and relative positions of the other low lying states are still unknown. Infra-
red absorption measurements of CeO trapped in inert matrices (8) have yielded
ground state vibrational spacings of 808 cm'I in an argon matrix and 820 cm Iin

0022-2852!79/j130428.09$020O/0 428
Copvrigt 19 by1 Academic ilrc%%, tnc
0l *ighi% of reproduction in av form re~erved
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neon. Many electronic absorption transitions, presumably from the ground
state, were observed in a neon matrix from the near ultraviolet to the near
infrared regions.

The above summary points to a need for further experiment, designed to
provide vibrational frequencies and electronic state separations. Vibrational
progressions are very difficult to detect in the emission and absorption spectra
as most of the intensity is concentrated in Au - 0 sequences and the spectrum
is so rich that other sequences are generally overlapped by Ar - 0 sequences
of other electronic transitions.

An extensive program of experiments has been initiated using various laser
techniques to provide at comprehensive energ. level picture of the molecule.
either by direct observation of new transitions or through perturbations. Because
of the selectivity of excitation and the generally -clean- nature of the spectra.
laser fluorescence spectroscopy provides vibrational frequencies and electronic
state separations for low lying states. We have used both argon ion and tunable
dye lasers to produce fluorescence and, in this paper, we report on vibrational
progressions which are linked to two of the transitions assigned by Barrow ('1 (11.
(5-7). Excitation of the ):f(5)-A'.(4) transition by the Ar 488.0-nm line and
of the C',(3)-X,(2) transition by the 514.5- and 496.5-nm lines have enabled
vibrational frequencies to be calculated for the four states involved.

EXPERIMENTAL METHOD

The general features of the apparatus used for producing metal oxides have
been described previously (9). Cerium metal was evaporated from a resistively
heated graphite crucible and the vapor, entrained in a flow of cool argon gas. Aas
carried into a reaction chamber to react with an oxidant and produce a chemi-
luminescent flame. A laser beam was then directed into the flame region to pro-
duce fluorescence. N.O. 02, and CO, all produced flames and it was found that
0. and CO, were the most suitable oxidants for fluorescence experiments. Only
the slightest trace of oxidant wits required in order to maximize the fluorescence.

Spectra were recorded photoelectrically using a 0.5-m Ebert Monochromator
and calibrated using a mercury lamp. The relative accuracy of wavelength
measurements was 0.025 nm. For 514.5-nm excitation. spectra %%ere also photo-
graphed in the first order of a 3.4-m spectrograph at a reciprocal dispersion of (.5
nm/mm. With a slit width of 50 Am. an exposure of 8 hr gave a measurable,
though rather faint spectrum on Kodak 103 a-F plates. An iron hollow-cathode
lamp was used for wavelength calibration and the relative accuracy of the
measurements was 0.005 nm.

RESUt.IS AND ANALYSIS

Chemiluminescence spectra were obtained with both N2(O and 0,. N.,O produced
t strong whitish blue flame whose spectrum, extending from the near ultra-
violet to the infrared, consisted of many bands superimposed on at strong con-
tinuous background. The flame from the Ce - ., reaction was green and less
intense than the N.,O flame. However. there was very little background, and
the hands stood out much mue clearly than with N,(. The spectrum. which

"'. .................................. ... ...... -' . ....
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was very extensive and complex, was confirmed as CeO by comparison with pub-
lished band lists (4, 5). Several unlisted bands appeared in the spectra and
several listed bands were not observed but, on the whole, the chemiluminescence
spectra matched the published lists very well. Although no new information
was gained from these spectra, they did confirm that CeO was being formed
by the chemiluminescent reaction.

Fluorescence was excited by each argon laser line and at several wavelengths
in the dye laser (Rhodamine 6G) region. Most lines simultaneously excited
several transitions and the spectra, which were fairly complex, showed the fol-
lowing general features.

(i) Groups of doublets (P.R) or triplets (PQ.R) with the groups separated
by 800-850 cm '. These are vibrational progressions in the lower state.

(ii) Other doublets or triplets with the same P, R (or P, Q, R) separations as
the above progressions but distributed, seemingly at random, throughout the
spectrum. These are probably either At = 0 transitions or perturbation allowed
bands belonging to normally weak or forbidden transitions from the same upper
level responsible for the type (i) features.

(iii) Isolated doublets or triplets, no member of which coincides with the
laser frequency, and having significantly different P, R separations from the above
groups. In these cases, the laser excites a very weak transition and emission is
observed in more strongly allowed transitions to different vibrational or elec-
tronic states.

0,0

0.1

509 507 505 490 488 486 484

Ftic. I. Portion%. of the nluorescence specLrum of CeO excited by the Ar' 48M.0-nm laser line at a
pressure of I "'orr Wavelengths are in nanometer. and the labeled line, belong to the l.,(.l-
X,(4) system.

I I T Im.



T

i q -12-

CeO FLUORESCENCE 431

Of the many vibrational progressions observed, several did not seem to belong
to transitions assigned by Barrow el i. (5-7). So far, we have analyzed pro-
gressions involving two known transitions (D:1-X,C,-X,) and the results are out-
lined below.

The D:45)-X:,(4) Sy.tem

Portions of the spectrum excited by the Ar' line at 488.0 nm are shown in Fig. I.
The overall spectrum was complex, but when the laser was operated single
mode with the etalon adjusted to maximize the intensity of one of the intense
lines, the spectrum was considerably simplified. The main features of the spectrum
were an intense PQR triplet around the laser wavelength and a similar, much
weaker, group of lines about 820 cm-' to the red of this. These were two members
of a vibrational progression. The laser excited a P branch line and, as the intensity
of the group of lines near the laser frequency was about SO times that of the other
group, the excitation transition was in the At, = 0 sequence. The absence of any
equivalent triplet at shorter wavelengths suggests that the 0-0 band was excited
with subsequent emission of the 0-0 and 0- 1 bands. The intensity of the R line
was greater than that of the P line suggesting that the transition involved Ail = + I
where ,l= 0' - fl". (As Ail = t I rotation-electronic perturbations can
systematically alter RIP intensity ratios, independent confirmation of Ail = -- I
vs -I assignments is desirable.) A similar triplet around 490 nm has not been
assigned but probably involves a different lower electronic state. The measured
wavelengths and frequencies are listed in Table I.

Reduction of data by standard methods, assuming that B" - 0.35 cm-1. which
is typical of all analyzed states (5), showed that the laser excited J' = 36. The
excitation was thus assigned as a P(37) line. The observed R. Q. and P line

TABLE I

Photoelectric Measurements ofI):,S)-Y,(4) Fluorescence Lines Excited by the Ar' 488.0-nm Line

8avenu,,ber (cn'
1

W. a ee't (n ---. bserve Re. . 7

486.77 20 537.6 20 51 ? 4(35) 0,0

487.38 20 512,1 ?0 S12.8 Q(36) 0.0

487.99 20 486,5 20 486.7 P(37) 0.0

501.03 19 717., R 35, 0.1

501.6m 19 6910 O1(6W 0.'

509.35 19 666 0 P 7) 0,1

20 40t.7 R(35) 1.1

2?0 474 8 Qi 36) 1.1

20 449.11 P(37) 1,1

*Relative 4ccuracy 0.025 n,. 1.0 cm-)

- .r. .-
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frequencies were in 0.5 cm - 1 agreement with the listed (7) R(35), Q(36), and
P(37) lines of the C:,(5)-X:1(4) 0-0 band.

The vibrational spacing in the X:, state was calculated from

Av(v,J) = AG:'.,,, - a' J(J + I) (1)

where Az(v.J) is the measured separation between successive P. Q. or R lines
t"'J) and (v" - I. J). As the I - I band of this transition has also been analyzed

(5, 7), a is known for both states, and the equivalent P, Q. and R lines of the I - I
band (Table I) were used to calculate the vibrational spacing in the 1): state.
As our measurements were systematically -0.5 cm-' lower than the high resolu-
tion data (7). they were increased by this amount for calculation of the spacing
in the D 3 state. The obtained values of AG,, 2 are listed in Table IV.

The spectrum in Fig. 1 also shows two weak lines slightly to the red of the laser
line. This seems to be a PQR triplet with the laser exciting the R(9) line and appears
to belong to the I-I band of the D:,-X:, transition, an assignment which is
confirmed by high resolution data (7). No other v' = I bands were observed.

The C,-X, System

A study of the spectrum excited by the 514.5-nm Ar line (Fig. 2) shows that the
laser simultaneously excited two transitions in the same system, leading to two
vibrational progressions of PQR triplets. As there were two anti-Stokes com-

ponents in one progression and one in the other, and most of the intensity resides
in the first anti-Stokes group, it was concluded that the laser excited the 0. I
(P branch) and I, 2 (R branch) bands. Photographic wavelength and frequency
measurements are listed in Table II. From the P, R separations. it was calculated

0,0

1,244I*

L ~ 
o-L .I l

516 514 512 496 494 492 478 476 474

Fit,. 2. lloilion% sit the IIiorecenx % eOrtIrm iof (Ce() excited hy the Ar' S14,i-nmt laei line it is
pre.%ure oti I "orr. Wavelength% ire in nainoli tul'. and the lheled line,, hclong to the ( , I ,(21
%yiitem. The detector %ensitivitv wai decreawd by a factor of I0 for the 492-496 nm region
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TABLE 11

Photographic Measurements ofC,(37-A,(2) Fluorescence Lines Excited by the Ar' 514.5-nm Line

W-olergth (i"I* G - -one,-ed, Ref 7. Ass, "'

474.41, 21 072.8 R(29) Inr

474 890 1 t051.6 Q(30: 1.0

475 384 21 029.7 P(311 .0

4 92. 76d 20 207.9 i0 288.0 )27! ' .0

443.101 20 270.7 20 2710 0O (24 ) 0.0,

493.612 22 253.2 20 203.3 P725. 1.0

493.70? 20 349.6 82' ).1

494 220 20 2Z8 .3 0(30) 1.1

494 i6) 20 206.3 P(31) 1..

513.59' 19 466.4* 4(23J 0.1

0)4.206 19 447.4 Q124) 0,'

514.532 19429.1 P725) 0,1

514.532 19 429.7 R(29) 1,2

S61n.96 19 408.4 Q(30) 1.2

030.69* 19 386.1' P(31) 1.7

-Relative accura~cy 0.00 inm. 0.2 cm'l

4Photoelpctric nasurents not used in cafcL.)4110n, relative
accuracy 0.02 5 no. 7.0 ce,''

that the laser excited P(2-S) of the 0-I1 band and R(29) of the 1-2 hand. The R
lines were more intense than the P lines. suggesting that AD - I. Comparison
with high resolution data (7) showed that the 0-0 lines are in good agreement
with the measured frequencies of the R(23). Q(24), and P(25) lines of the 0-0
band of the Cl(3)-Xt2) transition.

For the X, state. Eq. (I ) was used to calculate vibrational spacings. A(;,.,
from which vibrational constants were derived in the usual way (/0). As a,. was
not determined for this state, a first approximation to the constants was ob-
tained by ignoring a,. in Eq. (1). The Pekeris formula was used to estimate a,.
--0.0011I cm-') which was then used in Eq. (I1) to improve the constants.

The vibrational spacing in the C, state was determined by making use of two
pieces of experimental information.

(i) P,,(25) =R,(29) (coincident transitions at the laser wavelength).
6ii) P1(25) =R,29) + 3.7 cm

Values of vi, - t', and vn,, - v,, were derived and used together with the A',
state vibrational spacings, to calculate AG; 2. The results arc listed in Table IV.
rhe values derived for v.,, - v, and v,,, - v, are slightly dependent on the value
chosen for a,.. but it was found that varying a,. through its expected range from
0.001 to 0.002 cm 'only made a difference of I cm ' to the value of AG; 2-
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2,32

L.- - I J i
w1 515 500 498 496 494

Fi,. 3. Portion% of the fluorescence spectrum of CeO excited by the Ar' 496.5-nm laser line at a
pressure of I Torr. Wavelengths are in nanometers and the labeled lines belong to the C,O )-X 2 system.

The three lines around 476.5 nmn (Fig. 2) were shown, by tuning the etalon,
to be excited simultaneously with v = I of the C, state and not with V = 0. As
they do not fit into any progressions they probably involve a different low
lying state.

Portions of the very complex spectrum excited by the 496.5-nm line are shown
in Fig. 3. The two marked triplets appear to belong to a progression. Wavelengths
and frequencies, which were measured from fast photoelectric scans and are
thus only accurate to t3 cm-1, are listed in Table Ill. The lines have been assigned
to the 2-2 and 2-3 bands of the (C.-X, system with the laser exciting P(61) of the

TABLE Ilt

Photoelectric Measurement% of C,(3)-X(2) Fluorescence Excited by the Ar' 496.5-nm Line

494.41 20 270.5 R159) ?.2

495.43 20 176.9 Q160) 2,2

496.51 20 135.0 P(61) 7 .?

515,02 19 411.3 R (59) 2.3

516.14 19 369,2 0(60) 2,3

511.?4 19 3M6. P(61) ?,3

-1a
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2-2 band. To within measured accuracy, there is reasonable agreement between
observed and calculated frequencies for these lines.

CONCLUSION

The work described above illustrates the power of the fluorescence technique
in providing vibrational information on the CeO molecule, especially when used
in conjunction with high resolution absorption measurements. Vibrational
spacings in the X,. X:,, C,. and D:, states obtained from frequency measurements
differ from values calculated from the Kratzer relation by as much as 65 cm '
(Table IV). The intensity distribution within the PQR groups confirmed that
both C,-X, and 1).,-X:, are Afl = + I transitions. The measured relative intensities
were also found to be consistent with the fl numbering of Barrow et al. (5).

Calculation of vibrational constants, as opposed to vibritional spacings, tends
to be hampered by the fact that, in all out observed spectra, vibrational progres-
sions are short, generally involving only At, = 0, -1 sequences. This is because
the potential curves lie almost directly above each other with the result that nearly
all the intensity is concentrated in the Av = 0 sequence. This also means that
B values for all the states are similar, as shown by the fact that transitions to
different electronic states have almost the same PQR separations.

Evidence for transitions to previously unobserved electronic states has been
mentioned briefly in the previous section. The unassigned lines in Figs. I and 2
show the probable presence of states close to the X:, and X, states. In addition, a
group of lines around 764 nm was observed with 514.5-nm excitation, indicating
that there is probably a state about 6350 cm ' above the X, state. While these
states have not yet been assigned to known states, the presence of several new
electronic transitions in nearly all observed fluorescence spectra suggest that
important electronic as well as vibrational information will be obtained from our
spectra.

The results presented here represent a small fraction of the data that we have
accumulated. Fluorescence spectra have been excited at several wavelengths,

TABLE IV

Contani, Obtained for the Xj2).X,(4). (, ). and D(5O States of CeO

(on'tant ( 1 X3 ( I

G/ 824.3 (I) 82?2 (3 783.6 .3) 788.

820.9 (')

82 7. 7 (2,

(ref 5)- 4.51 R87 '57 si3

• exo'.! (I)

(Peke- (.0011

'(.al-lted I,- Kratjel ati, to , - J

Number% in pdrentheses represent the standard deuitlon i n tee 1-1
dlqet.
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excitation spectra have been obtained using a dye laser in the Rhodamine 6G
region, and double resonance excitation spectra have been obtained using Ar*
and dye lasers simultaneously. Analysis is continuing with a view to linking more
fluorescence transitions to known states and fitting all observed spectra into
a comprehensive energy level diagram.
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NOTES

On the Hyperfine Structure of the 0-0 Band
in the PrO XVII System'

Beaufils e tit. (1) observe (at resolution no better than 0.07 cm- 1) hyperfine splittings at low J
values in the 0-0 band of the XVII system of PrO (2). They conclude that the dominant hyperfine
splitting originates in the lower electronic state of the XVII system. We have examined this system
at considerably higher. Doppler-limited, resolution (0.002 cm -') by recording excitation spectra with a
I-MHz-bandwidth cwv dye laser capable of continuous 30-GHz scans. We conclude, from measure-
ments of low-i lines in both R and P branches, that the dominant hyperfine splitting is in the
upper state.

PrO is produced by heating Pr,,O,, with a trace of Pr metal to 1300- l400 C in a graphite crucible.
The vaporized PrO is entrained in flowing Ar at I -3 Torr. Fluorescence is excited with a Coherent
Radiation Model 599-21 (Rhodamine 6G) dye laser, dispersed through a I-in Spex Model 1802
monochromator at a spectral bandwidth of approximately 0.1 nm. and detected by a dry-ice-cooled
Hamamatsu Model R8 18 photomultiplier. The monochromator wavelength setting is adjusted to selec-
tively detect Q-branch fluorescence resulting from R- or P-branch excitation, thereby eliminating
scattered laser light and extraneous excitation lines belonging to other band systems. The resultant

TABLE I

Frequencies of Completely Resolved Hyperfine Components of R(4.5), M16.5). and
R(6-5) Lines of XVII 0-0 Band

8(P5 9(6. 5) R (6. 5)

' C J'=5.5) &v, P (F' .3.5.5) A, r' (F 5.5)

3 16 594,769 3 16 586.109 4 4 16 596.075

*1s2 0.066 0.068 0.054

0.8 0.0 0.063

0.12 0.116 0.090

8 16 595.266 816 586.603 9 9 16 596. 435
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F': 8 7 6 54 3

16595.300 16595.200 16595.100 16595.000 16594.900 16594.800

Fi, I A segment of the PrO XVII 0-0 excitation spectrum showing the R(4.5) line.

fluorescence excitation spectrum is calibrated with respect to '2 BOI,-XY; lines (3) by simul-
taneously recording 12 and PrO excitation spectra. PrO hyperfine lines are recorded at '-0.0O3-cm-1
accuracy.

Frequencies of completely resolved hyperfine components of the R(4.5). P(6.5), and R(6.5)
lines of the XVII 0-0 band are listed in Table 1. Since the R(4.5) and P(6.5) lines have a common
upper rotational level, agreement of hyperfine splittings within these two lines to within the
±0.003-cm Imeasurement uncertainty demonstrates that the dominant splitting occurs in the
apper electronic state. This is confirmed by the completely different splittings found for the
P(6.5) and R(6.5) lines which have a tower rotational level in common. Similar agreement between
hyperfine splittings is found for all pairs of P(J" - 1) and R(J" + 1) lines for which hyperfine
components are clearly resolved. The structure of the R(4-5) line is illustrated in Fig. 1.

The fact that the hyperfine splitting of the lower electronic state is much smaller than that of
the upper state implies that the lower-state configurational assignment of Beaufils el a/. I 1). rF

01O-4tf)kr6s(7T2p)I. is incorrect. The half-'tled o' orbital. locatcd predominantly on the Pr
nucleus, should result in a large hyperfine splitting.

A complete rotation and hyperfine analysis of the PrO XVI I system will be reported subsequently.
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A summary is given of the resuJts of laser induced fluorescence experiments on the CeO molecule, which
result in the determination of the relative energies of seven low lying electronic states. Both argon ion and cw
dye lasers were used to excite several transitions from the X (12 = 2), X 2(17 = 3), and X1(fl = 4) states and the
resulting fluorescence spectra showed that (i) the X,(3) state is 80.4±0.7 cm - ' above X,(2), (ii) Xi 3

) is
100.6± 1.5 cm ' above X,14), and (iii) there are three states labeled u(2).w(3), v(2), which are 834, 2537, and
2688 i- 3) cm respectivcly above X,(3). It was also shown that the vibrational frequencies AG, ,. of the
sevcn low lying states are all between 820 and 825 cm

INTRODUCTION It is becoming clear that major progress in unravelling

The electronic structures of diatormic molecules with the interrelations of low lying states in manifolds of this
kind can result from studies of laser induced fluores-partially filled d and f orbitals are only fragmentarily .

known. The reason for this is the huge number of low- cence. The high degree of specificity of the excitation
lying mol,:cular states with nearly identical rotational process combined with the excellent signal/noise ratio

and vibrational constants which arise from numerous, in the detection of fluorescence leads to the possibility
nearly isoenergetic, nonbonding orbitals. Either by of recognizing weak more or less forbidden transitionsneary ioenrgetc, onbndin oritas. Ethe by in the presence of much stronger allowed systems.

accident or selection rule, many low-lying states re-
main undiscovered and the relative energies of known This leads to the expectation that complete level dia-

states remain undetermined. The CeO molecule belongs grams for the lowest states of d andf electron mole-
it this category and there has been increasing interest cules may be constructed. Recent laser fluorescence
in its spectrum following the discovery of CeO bands in experimentst have led to determination of vibrational
absorption spectra of S-type stars. 1-3 frequencies for the X1 (2) and X3 (4) states, and illustrate

the value of the technique. We now reportthe electronic
The ground state of LaO is known to be (. ), z energy level scheme linking seven low lying states of

while that of CeO has not yet been established. However, CeD. and vibrational frequencies of these states, all of
with one electron more than LaO, CeO could have as which have been derived from the results of an extensive
many as sixteen low-lying states, 12=0* (two), 0- (two), series of laser experiments.
1 (three), 2 (four), 3 (four), and 4 (one), all components
of the configuration ( ..... a) (4f...). Other possible EXPERIMENTS
configurations would give even more states. For this
kind of molecule, the methods of classical spectroscopy, Thesreulsrepored heresare basemny onase
in which gas phase absorption and emission spectra are
recorded at Doppler limited resolution, may be tedious were backed up by further experiments involving rota-
and even ineffectual, tional analysis of high resolution emission and absorp-

tion spectra.
Of some forty bands of CeO which have been analyzed The source used in all the laser experiments was a

rotationally, 4, many involve transitions to one of four
low -lying electronic states, Xi(fz2), X2 03), X3(4), and Broida oven1 .7 in which either a heated mixture of Ce
X4(3). At least four other low lying states have also and CeO2 or the reaction of Ce vapor with O2 was used
been observed. However, because of the lack of oh- to make CeO. Fluorescence was excited using an argon

served transitions from common upper states, the only ion laser and a dye laser with dyes covering the 460-480and 580-615 nm regions. Low to medium resolution
information so far established about relative energies of 0 15 nm rpecra.wer wrecored on s.5an i1n
these states is that the X,(3) state is 2060 cm" above
X23. Information on vibrational frequencies is also monochromators.
scarce, only that of the X 2(3) state having been deter- Fluorescence was excited in transitions which have
mined from rotational analysis, previously been rotationally analyzed and for which, in

J. Chem Phys. 740), 1 Jan 1981 0021 9606/81/010189 03$01.00 . 1981 American Institute of Phystcs 189
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'I ABLE 1. Electronic transitions of CeO excited In laser iluorescence experiments.

Excited Band head Observed fluorescent,
transition wavviength (nil) transitions

h,:)-u(2) 0,0 463. 13 h2(3)-X.(3), u(2l. X 4(3), L(2)

g2(2)-X(3) 0,0 476.4b g2(2)-X 2 (3), u(2), X 4() , v(2)

e, (3)-X,(3) 0,0 584.37 e,(3)-Xj(2), X1 (3), u(2), X3(4), X 4(3), Z)

B1(2)-X1(2) 0,0 604.58 B1(2)-X1 (2), X 2(3), u(2), X4(3), w(3), v(2)

E,(4)-X,(3) 0,0 608.03 E,4)-X 2(3), u(2), Xj(4), X 4(3), u(3)
EI(4)-X 2(3) 1,1 611.59

C,(4)-X,(4) 0,0 611.19 C3(4)-X.(3), X 3(4), X4 (3), u,(3)

most cases, the lower state was known. Detailed line 80 cm "1 above X1 (2), and ez(3), pumped in e,(3)-X 2(3),
lists8 were then used to check the assignment of the laser fluoresces to a state S2 2 at 80 cm "1 below X2 (3), thus
transition. Two bands, with heads at 476.48 and 584.37 linking the Xl (2) and X2 (3) states. Similar coincidences
nm, and which had not previously been analyzed, were were found to link the X3(4) and X4(3) states. In each
photographed at high resolution and analyzed. Both case, the characteristic 2060 cm "1 separation was used
emission (hollow cathode) and absorption (King furnace) to check for the presence of the X2 (3) and X4(3) states.
sources were used. The energy spacing between each state and either LhW

Xn(3) or X4 (3) slate was measured and these are listed
RESULTS as characteristic separations in Table 11. All states

Transitions excited in the laser fluorescence experi- were then placed on the same energy scale.

ments are listed in Table I. The 476.48 nm band was The resulting energy level diagram, shown in Fig. 1.
excited by the argon laser line at 476.49 nm. In the contains 7 states whose energies relative to X,(2), are
other bands, which were excited by the dye laser, sev- listed in Table I. All the listed states were establis'ed
eral different rotational transitions were examined. The from at least two independent laser-induced transitions,
E2 (4)-X 2(3) 1-I band has not been rotationally analyzed and all the measurements were used in calculating the
and its assignment was based on the fluorescence spectra, energies. Because of the scatter in the low resolution

The spectra typically consisted of doublets (RP) or data, and the very small variation of electronic state
(RQP) separation as a function of J (due to the near equality ofthe rotational constants), some energy separations are

gressions and sometimes distributed randomly through- averaged values and not extrapolated to J - 0. For thrce
out the spectrum indicating transitions to different low- pairs of states, X'(2) and Xt(3), X3 4) and X40), X4(3)
lying electronic states. The J value of the upper state
was determined in the usual manner from measured sep-
arations of the P and R lines in a doublet or triplet.
Doublets or triplets with the same RP separation and
separated by - 820 cm "', which is typical of vibrational
frequencies of low-lying CeO states 4,6 were assigned to CeO states.

vibrational progressions. Relative intensities of R, Q, .'haracteristi,
and P lines were used to determine whether AU(= Q' -0") st.e separatcn 4") intrgy lcm") AG," (Crn.' N)4

were + 1, 0, or -1 for each observed transition. As l' A) -X, 6Z8 I l15) z768.7 (21) 823.4(19) 1.

and Ul" were usually known for the transition excited by . (3) -X, 47,. 7111) 2t7.3 (15 S2-, (03)
the laser, the Q2 values of the other low lying states in X, 13) X-X 1 2060.3 2140 6 (15) 82. 1 k0") 4.5
the fluorescence spectrum could be determined. Care X, (4 X,-xY ,NO.5 U 5) 2040 1 (W) *22 (03) ,6

had to be taken as perturbations caused many anomalies u (2) u-X,833. 9(2) 914.2 (321) 23.0 (iOM) 7
which affect the relative intensities of R and P lines, X, (3) X:-X,80 3 (15) 80.3 (15) 822.0 . 3.

but these disappeared at low J (as required by the hetero- x, (2) 0 824 3 k6)
geneous perturbation mechanism) enabling us to assign Notes: (1) Numbers in parentheses represent the standard
W2 correctly, deviation in the last two digits.

For each transition excited, the separations of the (2) Characteristic separation has been extrapolated to J = 0
various RP and RQP groups in the fluorescence spectrum (3) wex =2.2 +0. 9 cm'.
led to the construction of an energy level diagram con-
sisting of one known electronic state and several other (4) Characteristic separation is from Barrow et al.'
states whose 11 values had been established as above. (5) wsx.fi2.4o 1. 1 cm"1.
All the individual energy diagrams were then examined (6) AG 11 is from Linton et al. 6

for recurrence of states with a common separation and
matching n1 values. For example, BI(2), pumped by a
transition in B,(2)-XY(2), fluoresces to a state t = 3 at (8) AG,/2 Is from Barrow et al.6

J. Chem Phys., Vol. 74, No. 1, 1 January 1981
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lying states, u(2), v(2), and rv(3), have been observed
and their energies determined. These have not yet been

12 identified with any of the states listed by Barrow el al.'
v (2) and none of the lower states of the absorption transitions,

S(3) 1, m, n, and o have been identified in fluorescence

spectra. Further work, either in the study of fluores-

- x4 13) cence from the upper states of systems, 1, m, n, and o,
E 2! x3 (4) or by rotational analysis of bands involving states u, v,
- and w will be required to elucidate the relations between

these states.
-r We have reported here an outline of our experiments

and the final conclusions. A great deal of information
1 - has been obtained from these experiments and details

u(2
) of the experiments, results and analysis will be pre-

sented in a future publication.
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Abstract system at 6045 A and 6147 A, A I 1-X
2 lli, were iven in 1974

by the same authors [71. In 1975 a study 01' the G2 1lrX'I,
The spectrum of gas phase CuO in the red and near infra-red wavelength transition at 4629A and 4687 A was reported [12]. In l'7

region is studied by the laser induced fluorescence technique. Three new t
low lying electronic states, a l:, - 'lii and 6 2;, with the approximate [13], four new band systems, / 1 A X . at 4737A, t! 1l

T0 values X 211i at 4606A, 12
11-X

2 Ii at 4452A and P 211-X:lI, al
a. 15424cm -' 4286A, were presented. Further a survey of all elecrrmic

yil 15470 cm- states analyzed at that time was piven. The C 211- kX
211, Sv' te'1

'Y'ti., 15 166cm" at 5312 A and 5345 A, earlier studied by Lefebvre ct al. 4!,
61-: 12986 cm-' was also included in Ius survey. The analysis of the 53-1 .I

are reported. The multiplicity of the aZ is uncertain. it is tentatively band in [14] was however not correct. A re-analysis ol the
considered to he a quartet. The vibrational constants of the h' I; state are C 2111-X 21li system and art analysis of the 1)2 -A' 211, sy-, II

we 661cm"' and ,exe
~- 5.7 cm-. at 5326 A and 5274 A were published in IN78 by Appclhlad

Earlier results on the spectrum of CuO are reviewed. Intensity anomalies, e al. [15]. Recently two new band sys'ens, .' 1 - A' :, at

ortginating from interference hereen groups of states, are discussed. 6430A, Lefebvre et al. [16], and a 'Au 2 li system at 6522 Aand 6493 A, Pinchemel et al. [17], have been reported.

One quartet--doublet transition has been found, natnely a
1. Introduction band system at 4432 A, which has been interpreted as 1 -4

The emission spectrum of gaseous copper oxide, CuO, possesses X2 Hs 2 transition [18].
many electronic transitions in the wavelength region between The molecular constants of the ground state are, iit cmt

4000 A and 6500 A. In the last few years most of these systems ,e -640 (2113/2), we - 636 (211 t2). B, - 0.444 and

have been rotationally analyzed. The most characteristic band A '- - 277. The constants we and B, are smaller for all othter

system for the molecule is the one located by itself in the systems with the following exceptions: A 2 -,:. w o -043:

orange-red region. In the region from 4200A to 4800A the C2 113 2, We -658:E 2 AS 2, we 734 and B,- .0.445.

large number of bands gives the spectrum a very complicated The purpose of the present investigation was to searc:h 1'o!

appearance. new low lying electronic states in CuO. In this paper we report

As early as 1912 Hertenstein [1] reported measurements on three new low lying states. All three systems invol'- thi,.

of band heads which he believed belong to CuO. Attemtpts to Xf li state. From band profiles anid itntensity considerimttts
perform vibrational analyses have been made by a number of we believe that the electronic symmetry of the states ate .'

authors [2-5]; but all of them are incorrect. In 1968 Antic- (multiplicity uncertain), 211j, and 2 :, respectively. We here

Jovanovid et al. [61 performed a vibrational analysis of the lable them asN, _r 2 Il, and (52 . Approximate vibizotona!
orange-red system from a study of the isotopic molecules constants have been determined for the (52 1 state. The) are:

Cu "0 and Cu '8O. In some important points it was, however, we 661 cnt- and wexe - 5.7 cm -n. Thus, below the .,I ''

erroneous [7]. Antic-Jovanovic and Pesid [8] later performed state, four slates are known, namely the 02,1A state (I(71 and
a rotational analysis of this system. Their analysis is also the three new states t, yv 2111, and 6,2 1" reported iete. The

incorrect. To values estimated front band heads are, in cm-

The first correct analysis of a NuO system was made in 1967 Y 1 5424
by Lagerqvist and Uhler [9] who treated a single band at
4182 A. The band had the appearance of a 213/2_ 113/2 tran- 32 AS12 15317

sititon. Later this hand was ascribed as belonging to a system 2 A.11 15 665
labelled M 2 lIV2 -X2

113 /2 . In a recent paper [101 a more
detailed treatment is given of this band. A rotational analysis 'Y '11,, 15 166

of the F 2 11,__X2 1l, systenm at 4711 A and 4770 A was perfo-nted _/ 1131 15470
in 1973 by Appelblad and Lagerqvist [I I]. A more detailed
analysis of this system and also an analysis of the orange-red 1298(1.

____The To value of the 0 2 AS/2 state is obtained from rotational
Petroleum Research ilund. Post doctoral Fellow 1976-78. analysis [ 171.
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Hi'e copper Oxide mtolecule was tOrtoed iii a Broida type high
temperature [low systemi I91. C'opper was incited in a tests-
IuvCly lieated a.1ut11n11u11 ox Ide crucible. By insulating thle crucible
with ,.ircotoia cloth, liot spots were avuided and a temperature
aluotId 1 00 C' Could be cunveitiently used. The copper vapour

was carried into thle reaction chamber by anl Ar gas stream.,
The Ar ptressure was varied fromt I 10 torr.

In tihe reaction chamber N20 was injected and a weak reddish ?t

flamne was observed. Thle oven assembly used in this experiment !'tg. 1. awi ex, itation speciutn il fthe A '!: -.A 2111 bapd systern (un-

has beent described in several papers [19 - 22]1. Radiation fromn a corrected for taser itcnimiN or detector responses. [aser induced fluor-

dye laser, pumped by anIl Ar' laser, was directed vertically into ....... was detected through a spatial battle system white the taser wkas

thle reactiont chamtber. Three different dyes were used iii the scanned. Since taser irtensirs' was riot cunstant over the tuning range,
expeimet. 1he '- s~le arond 500A wa exite by tile I 'L X -t system ifcadrigfy appears to be vecakei than the

rliodatie B, thle A -X sy'stemt around 6 100 A by rhudaine
6G, atid the C X and /) X' systemts aroundI 5300 A by rhodaiiine trnionm etisqtelgeadteclsoa eaxin
110. The dye laser was~ totted by a three stage birefingent filter vr aiElsectto ceewsmi fiin o
giving a bandwidth of approximiately I cni-I. The laser iniduced obtaining emission spectra froin thle A', u.~, y and b states

fluoescncewas pecraly rsolvd b a PLX 8021-mter than a direct excitation of' these lower electronic states. The
mionoclirornator fitted with a 1200 grooves/into grating blazed ,I I I--X I21I, 2 (AI V = --- I). ,~~2~( -0). t 2
at 1.2prut, a Hlamtamatsu R 818 red sensitive pitotornultiplier, 'k,21111 (,AV= 0) and 2 

2A 2 -V 2 II1, 2 (AV = 0) sequences are
and a picoailneter'recorder system. LExcitation spectra were

alsoobsrve bydetctin th laer rtd~ed luoescncetbrugh all ftrezent. The A' 4A anid ;-X tratnsitions are rather weak, but
alsoobsrve b detctig te lser ndued luoescncethrughrecently they have been partially rotationlally analyzed [ 16. 17].

a spatial 'filter while thle laser was tuneld Over the wavelength IFhe l2_1. 2-X 2111,2 sub'bartd is not yet analyzed. 'Ihe inter-
region Of Interest. Ini this tmtde Of' Opterariotn, very weak tran- cobntojad~ 2 'iI,2 a 39Acnas ese
sit ions were observed free of interfei-ence fromt laser scatter ciain baig.- 2. Te lag spn-oato const Aan als ofte e'2  state

and chem lutnwiescence. ile emission spectrumt was recorded and the. p.Teresne of rthe 679 subband b.o'thl ' sepaate

between 4000 and 9000 A and Lines front tmercury and neon indict the pesece of atieas one9 k satedwhith lesrcls

pen latrips were used for calibration.iniaeteeitneoatlstne11ttewchis oe

Supplementary studies of tlte low lying states have been ito A' 2: . A new band, without any obvious Q branch. (as
expected for a A A 2 = 0 transitions) is located at 6575.S A.

miade using a comtposite wall hollow cathode discharge [10] nadtoavr ekbndi on t65 .Tefe
arida sannig ionohrorato (Join vonHR 100) Atquency difference beiweetn these two bands. 277 cnf t-, core-these studies a liamaniatsua R955 photomultiplier and a photon sponds to thle multiplet splitting of the grudsteItses

counting recor der systenm were used. rudsae tsei
miosi likely thtat thle band at 6575.8 A is tis predicted close

3 ling 211 X 1' hI and, It is here called 1 11 2 A 11
3The excitationl spectrum ITh'le band at 0 4 5s i ntiv then he itterprcted as the inter-

Seveti an,!it. s~ stems are, as described in Section 2, within the cotibiialion band. k ll I h tclatrsrnt

tunitg ratnge of Ar -pumped c\w dye laser. Laser excitation ot tlsis'os-a evideils\ or onanates I Irotrs an interaction 'a itit
spectroscopy can be used in order to estimate the molecular ti' A1' 2 1. state. lls, A- inilteactioti pm ohably also accounts
population nf various vibronic states 123]. A strong absorptiorn for tlie latrge % tio ,t ' 2 L S:ne thic 2111 -slate is ,inhs
of' the laser light may indicate that thle lower level is thle ground about 5o cm o eh,'s !he A'" state, t ratlse: smiall spin -orbit
state, although it nmight also be a mnetastable state populated in itrteractiton A' -'ca.t. ac: ok~tit r these effects. A sob-batsd
a chemical reaction. All the known electronic transitions front at 64 7h.,S A is teltitlef\ irrtCrpree~l as an a4 1 _-X 2 11 2

V12 11 which fall within thle tuning range of the laser, 5300-- transition. Itn 1- i. ' the posiroth of the bard iteads are mtarked.
6600 A. have been observed by laser excitation spectroscopy. The excitatioti spctri~ sliu'ati Ill F-ig. 3 Aas obtained by
No laser excitation transitions were found ins this region whicht rronitoring ct ihrionaf 6caxalior, into fite A' '! state while
did n-st involve the X'2 11 state. Thle absence of transitionts out scannitng thec laci . I lie lilitoclltollatot was fiseld flixed at the
of other low-lying states for a mnolecule with such a high density waveletngth 064214 7 A. the wavelength of thle )1 hlead of the
osf e~cctronic states is a strong argumsent that the CuO X

2 'Ii A' .- 211 2 sub-band. Its this spectrum, both sub-bands
state is ic~ clectrotri' ieround state, of tise ),211, A' 2Ili transition can be observed as well as the

Laser induced fluorescence has been recorded in different or -X 211, 2 transitiotn. The wavelengths of tle band heads
ways. 1he excitationi spectrum of thle ,122; x2nl system, are given in tile figure.
shown i Fig. I , was recorded by detecting utidispersed laser Figure 4 shows thle spectrum of the 7673 A band obtained
induced tftuorescence through 21 spatial baffle system, which was in the same way as the spectrum shsown in Fig. 2. A sequence
fotund to he very e.rfective in reducing cheitnlumninescence anid of band heads catl be seen on the short wavelength side of thle
scattered laser light. 7673 A band. A weak band head is sittuated at 7840 A. The

The spc:triti shown li Fig. 2 was Obtained by laser exciting frequiency distance between the two bands again corresponds
the A "-I state, fro nt which population was collisitmnally t ranis- to the tiutltiplet splittitig of thle ground state, A' 2 11. Thle first
f -erred into somewhat lower energy electrotnic states. The inipression of the bands is that they form a 2x-- X 2111 system
pumping laser was kept at a fixed frequency and the mono- where, in contrast to the usuial situation of conmparable sub-
chrotnator scanned over the region shown. Since the A X* band intensities. (ite 11:_X 2 13 /1 transition is much stronger
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2
E _ X Ir 2  t Y_ x rTl1, 2

0-0 1-1 2-2 2

A2 -~r 2  a1 _Y ~ -X 173/ 2

Y _X rT//
3/ / 0-0 1-1 0-0 1 o1

6370 6400 6450 6500 6550 6S 04

Fig. 2. Wavelength resolved laser induced fluorescence (uncorrected for states are recognized. The observed band systems are A L-X lt ,2,

spectrometer response). The observed electronic states axe populated 4v = - I sequence, the A'"L-Xr-I, aL-X21t .. o1A,-X lij and
by relaxation from the A '-I state. Transitions from five upper electronic -y I 1,, -X 2ti, Av . 0 sequenc.s.

than the 2 --X 2H1 112 transition. The Q head of the 7840A matrix experiments by Shirk and Bass [24] cannot be easily
band should be the peak at 7866 A, marked by Q112 in the interpreted in terms of known electronic states of gas phase
figure, and the Q heads of the 7673 A bands should be the CuO. On the other hand, if the known band systenis of CuO,
peaks at about 7695 A, marked by Q3,2. This intensity anomaly which all involve the X 2 ll state, could be obtained in an
can most simply be explained as an interference effect arising absorption experiment at relatively low temperature, then it
from interaction between one 2

,- state and one 2
1- state, would be reasonable to believe that the X 211 state is the

see Section 5. From the observed sequence of band heads at ground state. In our study, excitation spectra of CuO are
7673 A and with the knowledge of the vibrational spacing of reported. This type of experiment is closely related to con-
the X2

13,2 state, the Av= I sequence can be predicted. The ventional absorption experiments. The vibrational temperature
prediction is in agreement with the observed bands at 7309 A. was about 4000 C in the flame. The intensity of the observed
We tentatively name the system as 6 2

.-KX
2

[1I. excitation spectra and the fact that all bands observed tvo!ve
the X 2

IH state indicate that X2 11i is the ground state.

4. Results The most significant result of the laser induced fluorescence
experiment is the observation of three new low lying clectronic

There has been some discussion concerning whether or not the states. In Table 1, the observed band heads of the a !;-X IIj,
X 211, state is the ground state of CuO. The results from the _,

2 llr-X 2 
1 and 6y _-X 2

[li systems are listed as well as band

heads from the A 2,-X 2 li, Av=--I, 4' 2 y-X211, and
p
2ArX21l,, Av= 0 sequences.

8-X 2TT,

1-0 65-00 00

t

T 2 i a 2T , X
2 l 1

I

I I I I

7200 7300 7400 7500 7600 7700 7800 100 A

65.01 6550 650 6S7
-

W 6580 650 6800 _ 6610 Fig. 4. Wavelength resolved laser induced fluoreence (uncorrected for
spectrometer response). The upper state is populated by relaxation

Fig. 3. Laser excitation spectrum of the "v 'Ii-X It, and ai'-X 111,,, from the A IL state. Two band sequences, separated by approximately

band systems. Excitation into these states was monitored by the 280 cm', are observed. The band system is interpreted as a '2-X'Iii
collisional transfer into the A' 2 state. The monochromator was held transition, called here 6 'L-Xillt. The peak marked Q,,, is the Q head
fixed at 6429.7 A which is the wavelength of the Q, head of the in the sb-X -,,, ,ub-band, the feature marked Q., is probably the (
A '2-X =[1l transition, head in the 6-X Ift , sub-band.
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Table I. Band heads of observed d) hands in the red region Table II. Approximat' To value'sofncw low, Iing Cu( clectrunj

[_ __ __ __ _ _.__ -., states as estimated jrom the hand heads
[ran..itio~l u' v"r ananch I A) (cm H ) el.... . . . .......

4 11-X ,a 0-1 Q 6408.6 15 599.7 1251
1 -2 Q, 6403.9 15611.1 [251 ac. 15424
2 3 Q, 6401.2 15617.8 1251 -Y "1., 15470

"r 2113,215 166

A' 2  I -X I, 0-4) QI 6429.7 15548.5 116) 1 " 12986

0-0 SR 6436.3 15532.6 1161 ]_ _L_12986

1-1 Q, 6440.6 15 522.1 This work
1-1 SRI, 6447.1 15506.6 This work

A'0-4-X),, -- PQ2 6546.3 15271.6 [161 similar structure, the observable perturbation matrix element
0-0 R, 6553.1 15255.7 (161 is a good sample of the purely electronic factor, the vibrational
1-i PQ1 2  6556.0 15249.0 116) factor being approxinately unity. For states of similar structure,
1-1 R 2  6562.7 15 233.4 This work Av= 0 perturbation effects are usually manfested only as
2-2 P Q1 6565.8 15226.2 [i Ao

2-2 R, 6573.2 15209.1 This work intensity borrowing and interference effects. The perturbation
matrix elements derived from intensity effects indicate whether

0-0 ) ? 6481.6 15424.0 This work the two interacting states differ by a single Cu-centered orbital.

a !-X ti,, 2  0-0 R ? 6597.4 15 153.3 This work 5.1.3. Kronig symmetry of lowest lying X states. It is not

0-0 Q ? 6600.3 15 146.6 This work possible to experimentally establish the e/f symmetry of a level

o -x In, 0-0 R 6493.4 15396.0 1171 or whether a state is 1 or 2:-. Configurational predictions of

1-1 R 6503.0 15373.3 This work the symmetry of the lowest 2 X and 4 states and the relative
ola" 2Xn',, 0-0 R 6522.1 15328.3 1171 abundance of 2 2*vs. 22- states will ultimately resolve the e/f

l-I R 6532.3 15304.3 [171 ambiguity and, indirectly, identify plausible low lying electronic
a.A2 -X i 0-0 R 6378.9 15672.3 This work configurations.

- XY 2 ,,, 0-0 R 6575.8 15 203.1 This work 5.1.4. Intrinsic transition strengths. Once intensity borrowing
III, u ,-,211, 0--0 R 6587.6 15 175.8 'fliis work effects are understood, relative deperturbed oscillator strengths

, 2 -X 2 I 0-0 R 6458.2 15479.8 This work for many electronic transitions may be estimated and used to
6 11-XIl 3 /. a-0 R ? 7673 13029 This work group states into those belonging to configurations differing

1-1 R ? 7662 13048 This work only by one Cu or 0 centered orbital and those differing from
2-2 R ? 7653 13063 This work 2
3-3 R ? 7646 13075 This work the l state by two orbital excitations,

1-0 R ? 7309 13678 This work 5.1.5. Hvperfine structure. Cu has I = 312. Thus a state with
6 1X-X 1,, 0-0 R ? 7840 12752 This work a half fdled Cu-centered o orbital will exhibit large Ferni-

0-0 Q ? 7866 12709 This work contact hyperfine splittings. Experiments, capable of resolving

lhfs in CuO, are now in progess.

Approximate To values for the new states, as determined 5.2. Diagonal spin-orbit

from the band heads are given in Table II. If the 3d shell in Cu is closed, we expect spus-orbit constants
The vibrational intervals of the new states have been cal- typical for oxygen. This prediction originates from consideration

culated fi om the observed band heads and the known vibrational of one-electron matrix elements in single configurational wave-
spacings of the X 2 l1I state. Band heads have been determined functions [26 281. The a, values, discussed in, e.g. [27], for
to ± I c -' for the 6-X system and to ± 0.3 cm - 1 for the other the elements 0, S and Se are given in Table IV 129]. The
systems. Vibrational intervals are listed in Table Ill. The follow- corresponding spin-orbit parameter in the Cu shell is 817 cm -

ing approximate values of the equilibrium vibrational constants [301. The observed spin orbit constants An1 of the X2l11, state
for the 8 '1 state are: for the molecules CuO, ('uS and CuSe are -277, -433 and

w,= 661 (l)cnm -- 1591 cm - respectively 1311. For this reason the following
configuration may be suggested for the ground state X Iil

wo ., = .5.7 (5)cn -  of ('u1:

The spin-orbit constants of the 02,1i and Y2,11 states are (8j 3rr4 169o247r)A'll,

approximately - 172 ± I cm"' and - 304 t I cm - respectively. where the molecular orbitals 8o, 3r and 16 are centered pri-

5. )iscussion Table Ill. Vibrational intervals of the states A ', Oand h

The electronic contiLurations of the low lying states of the State v - AG+ References

group 11 B oxides are still under debate. Here we will summarize cm -

the various types of information that will ultimately provide A' 2_ 1/2 605.0 1161
the key to a simple configurational picture of the electronic 3/2 596.0 1161
structure of CuO. The most important of these are: 13 A,,, 1/2 607.3 1171

5.1.1. Spin-orbit splittings of H and A states. These indicate (BA,', 112 604(l) This work
1 Z /2 649.4(7) This work

the state of occupancy of ir or b orbitals and whether the in- 3/2 637.8(7) This work

completely filled orbital is located primarily on Cu or 0. 5/2 ,626.6(7) This work
5.1.2. Spin orbit interactions between states. Whenever

there is a AV = 0 interaction between two electronic states of a rhe number in parentheses is the estimated uncertainty in the last digit.
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Table IV. 4tornic spin-orbit paramet'r.s branches have been observed. Te unusuall) large intensity
of the noially weak Q branches in a II- II transition is due to

Atom a, (ill ) the intensity borrowed from the A 21_V 211 system. Similaly,

O 151 the nonnally forbidden 1) 2L A 2 _,y 211, 2 sub-band is plesent
9 121 because it borrows intensity thi ough an interaction of 1)2.A 2
S 382 with the (' 2 11, 2 state.
S 325 The appearance (if the A'2. #32., anld 2ll states is very
Sc 1690 sinilar it) that of the A. C and ) slates. 'fi 4' :' A' '11
S e 1527 transition is iote itense thtatt the j2 A X211, and ' 211,

Cu 817 .. 21 1 transitions. liecause of tile mixing between the A.4 X
Cu' 829 and 1 211,2 states, the 7,211112 X2113,2 transition is present.
Ag 1789
Ag' 1830 From this fact we can predict interference derived R -- P

intensity anomalies in tie y 2112 -A,' 2111 2 transition si itfar
R, f. 129, 301 to those observed in tile C 2 11112_X211, trausition 1151

Tie observed intensity of the 02A 3,2 ' 2113 2 transition is

maril, on copper and 9oi and 4r on oxygen. This configuration likely to be the result of an interaction between the 2 
1.3,2

correlates with the separated ions CuQ('S) and O-(2P). If we and " 211,32 states.

compare the spin-orbi' constant All of the isovalent molecules Adopting the unique perturber approximation. some factors

CoO, CuS and CuSe with tile spin-orbit parameter a, of thle of two estimates of the mutual interaction strength among the

atomic negative ions 0, S- and Se-, a systematic deviation low lying states can be carried through from observed intensityratios. Ifatv ions oberato of tnd S-, a systematictdensation
is observable. The spin-orbit constant is larger and increases ratios. If our observation of the intercombination transitio
slower in the molecule than in tile comparable group VI ion. 7 111/2 11312 is due to intensity borrowing from the

Therefore it seems likely that the Cu3d shell is polarized in A' 2X.-X 2 11, transition nionlent, then the A' 2 -, Y 2111 inter-action can be estit'ated. The intensity ratio between + ,''-
the ground state. This polarization is expected to decrease as

one goes from CuO to CuSe thus explaining the slower increase and I(7 ,,--X, 2 ) is about 20: 1. Thus, the A' 2 1, characte
in A11 with respect to a,. A further indication that this might mixed into the -y 211,,2 state is approximately 5 per cent. This

be the ease is the magnitude of the spin-orbit constant for the character is also give, by sin2O, where sin 0 is tan :dixi, g
ground state of AgO which is about -400cm - ' [321. AgO coefficient and.
should have a larger A1 r than CuO because the polarization tan, 2_0
and the a, value for the Ag 4d shell are larger than for Cu 3d. eAe2stan 20- _ .L

5.3. Off-diagonal spin-orbit effects Al f( 2) l HA.j

It is possible to label the electronic states following a Hund's ATA', is the observed term value difference between the A' 21
case 'a' nomenclature. However, the mutual interaction between and -Y2111,2 states (- 54cm - '). From these observations the
different electronic states is quite large, which gives rise to perturbation matrix element 11 A,,1 can be calculated. f the
numerous perturbations and intensity anomalies. Such have vibrational overlap factor is - 1, then the electronic part of tIfc
been found for example in the A 2 --X21it, Cy'11-X 2

j, and spin-orbit interacti vr between the A' ". and y,11 states hs e
D 2A,-X 2 l1 systems [151. Since the A -X transition moment rather small value of 12cm - . This indicates an "orbitally"
is larger than the C-X transition moment, a small mixing forbidden interaction. By this we mean that the two configur-
between the A and C states causes large intensity anomalies ations differ by more than one spin-orbital or that the inter-
in the C21l1 r2 -X 211 transition but not in the A-X transition. acting orbitals are located on differen1t atomic centers. We must
Ili the C2 1P -X 2 111/2 transition, the Re and Pt branches are reiterate that these are only factor of two estimates.
strong while the Rf and P, branches are very weak. The absolute
e/f labeling is not known but we follow here the assignment 5.4. Krong syrnerrY

given in [151. In the C2'-X 2113,2 transition, only the Q We have, so far, avoided discussing the Kronig symmetry of tne
2Z states. Tile e/f parities of a state are generally settled whet
theoretical predictions and spectroscopic determinations agr'e.

Table V. Transition strengths of hand system involving low As no such agreement has yet been obtained for CuO, ther: is
lying electronic states of the CaO molecule relative to the no possibility of deciding the parity of observed states. For
A 2-)'lli transition convenience, the chronologically first rotationally analyzed

2 2; state, A 2, was arbitrarily assigned as a 2 V state [I11.
'ranstion Relative transition Strength a  However, one could argue that, similarly with the group I A

A 12;-X 'ni 100 oxides, there should be a low lying 21;* state in more or less
A'Ia.-X'rlt 6 "pure precession" with the X21i state. For KO, RbO and
itIA-XIn, 0.5 CsO there is theoretical [33] and experimental [34] evidence
,-,z-Xv ' 2.5 that a 21+ state is the ground state with a very low lying '11
a 2 l-Xm 2  -01.1 state close by. For NaO there is theoretical evidence of a 211, ;-X fl: a -0.25

6I-X n,,, -0.05 ground state with a close lying '+ state [33, 351. The A-type
doubling of the X 2 ll ground state of CtO indicates a close

a Intensities are recorded under identical experimental conditions, lying 2', state. The strong vibrational variation of the spin-
('orretions are madc for the wivelength depenlent response of the orbit constant A, is another indication that such is the case.
phottnnultiplier and the v' tactor. Nevertheless, it is surprising that transitions involving this
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missing state have not appeared in the laser excitation or analysis would clear up some crucial features of' the electronic
fluorescence spectra. It is not possible that either the 6 1 or structure of' CuO. Attempts to discover new states lying
cs22 state is this nmissing state. between the, b 'Iand X 2 li~ states and systematic examination of

An intensity anomaly, of' a type not previously noted, is the hyperfinle structure of low lying states will also be valuable.
observed in the 6 2 2-__X2 Ili band system in which the two sub-
bands have different intensities. If this anomaly has its origin Acknowledgements
in the A' -56 interaction, we can estimate this interaction
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Table of Symbols

A Cap. Greek delta

E Cap. Greek sigma

0 Cap. Greek phi

r Cap. Greek gamma

a Cap. Greek omega
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0 l.c. Greek phi

6 l.c. Greek delta

v l.c. Greek nu

O l.c. Greek alpha

6 l.c. Greek beta

B 0+ Cap. Roman B, half space, zero, superscript, subscript
U

Z large summation sign.
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ABSTRACT

The PrO XX 0-0 band is recorded at Doppler-limited resolution

by laser excitation spectroscopy with selective fluorescence detection.

The rotational and hyperfine structure of this Q' = 5.5 - n" = 4.5

band is reanalyzed. In addition, fluorescence spectra obtained

through excitation of selected rotational lines in the XX 0-0 band

and by the 529 nm Ar+ laser line have established an energy ordering

of four low-lying Q = 4.5 states and one 9 = 6.5 state as well as AG (h)

values for the Q = 6.5 and the two lowest a = 4.5 states. Principal

constants, in cm-1 , are (l uncertainties in parentheses, * indicates

constant held fixed):

To AG() Bo

n' = 5.5(System XXII) 18 944 (1) 0.356*
n' = 5.5(System XX) 17 845.737 (1) 0.355 904 (23)
all = 4.5 5 720.5 (10) 0.356 (7)
W = 6.5 3 736.0 (.10) 830.9 (6) 0.362 (7)
n'" = 4.5 3 500.3 (3) 0.3556 (3)
W = 4.5 1 936.7 (2) 833.0 (4) 0.3637 (2)
W f" = 4.5(System XX 0* 831.8 (4) 0.361 918 (22)

and XXII)

Hyperfine constants, in cm-1 , for the lowest of the above ' = 5.5

and Q" = 4.5 states (System XX, v' = v" = 0) are:

= 5.5 d' = 0.1328 (15) d = 0*
= 4.5 d" = 0.2816 (17) d' = 6.67 (54) x 10-5

Excitation spectra, to be reported separately, have shown that the

529 nm Ar+ laser line excites System XXII 0-0 P(34.5).

L L-
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I. INTRODUCTION

The electronic spectrum of PrO was classified by Shenyavskaya et al. (1)

into 22 systems spanning the wavelength region 5000-11200 A. They

reported vibrational constants for the upper and lower electronic states

of these systems obtained from analysis of bandheads as well as rotational

constants from rotational analyses of the VII system 0-0 , 0-1, and 1-0

bands and the 0-0 band of the X system. That work was followed by

a rotational reanalysis by Delaval et al. (2,3) of systems VII and X.

More recently, rotational and hyperfine analyses of the XVII and XX systems

were reported by Beaufils et al. (4). Recently, the present authors (5)

proved that the analysis of the XVII system hyperfine structure (4) was

incorrect.

The lowest J" lines of the VII and X systems were too weak to be

observed by Delaval (2,3), thus his 2',P" assignments were speculative.

He suggested that the lower states of these systems involved the spin

components of a a2@ 2@ ground state, analogous to the 0 2 6 2 A electronic

ground state of TaO. Beaufils et al. (4) observed the first R lines of

the XVII and XX systems and assigned them as J" = 3.5 and 4.5, respectively.

Based on the good agreement between lower state combination differences

of the XVII and XX systems with those of the VII and X systems, respectively,

and the erroneous hyperfine analysis, Beaufils et al. (4) concluded

that these two pairs of systems orginated from a 2r ground state.

In order to obtain a better understanding of the PrO electronic

structure, we have reanalyzed the rotational and hyperfine structure of

the XVII and XX 0-0 bands and analyzed the XXI 0-0 and 0-1 bands
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recorded at Doppler-limited resolution by cw, 1 MHz bandwidth laser

excitation spectroscopy with selective-fluorescence-detection (which

eliminates inter-band blends). In addition, spectra of the fluorescence

arising from selected lines in systems XVII, XX, and XXI and from an

electronic transition excited by the 529 nm line of an argon ion laser

were analyzed in order to energy-order the numerous low-lying states of

PrO. These results are presented in two papers.

This paper describes the rotational and hyperfine structure of

the system XX 0-0 band and the rovibronic structure of five low-lying

states characterized by fluorescence excited via two electronic transitions.

These transitions, system XX and another (possibly system XXIIF

excited by the 529 nm Ar+ laser line, are shown to share a common g" = 4.5

lower state. The following paper describes systems XVII and XXI and

a new system which involves excitation from the lower state of system XXI

to the upper state of system XVII.
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II. DESCRIPTION OF EXCITATION AND FLUORESCENCE SPECTRA

The red-degraded XX 0-0 band with bandhead at 559.66 nm

consists of P, Q, and R branches. The Q branch is the most intense,

followed by a weaker R branch and an anomalously weak P branch. From

our rotational analysis, we have established that the first lines of

the R and P branches are R(4.5) and P(6.5). Thus, the XX system is

AQ = + 1 with 0" = 4.5 and Q' = 5.5.

J"< 30.5 rotational lines are broader than their expected Doppler

width owing to hyperfine structure. At low J (for example, J" < 17.5

in the R branch), where the hyperfine structure is resolvable under

Doppler-limited conditions, each rotational line is composed of six

main hyperfine lines. Natural praseodymium consists of one isotope,

141Pr, with a nuclear spin of 2.5, a large magnetic moment of + 3.4

nuclear magnetons, and a quadrupole moment of + 1.2 x lO- 24 cm2 (6).

A minimum of six, JJ + If to JJ - If, hyperfine lines are expected

for each rotational line, corresponding to the strongest (AF = AJ)

transitions. Additional weak hyperfine lines are observed in the R branch.

In particular, for the R(4.5) transition, where the hyperfine lines are

spread over a 0.75 cm-1 interval, four weak lines are present in addition

to the six main lines. For R(5.5) to R(14.5) only one weak extra hyperfine

line is observed. An analysis of the low-J Q lines was impossible due

to extensive blending of hyperfine lines between consecutive Q branch

transitions. The intensity pattern for the hyperfine lines in the P and R

branches is consistent with that predicted for case aB (or cB) coupling (7).

...................... .....
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It was observed that hyperfine splittings for P lines were considerably

smaller than splittings for R lines of the same upper or lower J.

Fully resolved hyperfine splittings were observed in the R and P branches

up to R(17.5) and P(9.5). The shading of the hyperfine lines within each

rotational line (Fmin to Fmax) is to longer wavelength for both branches.

The XX 0-0 band exhibits several perturbations, all of the upper

state. Perturbation effects first become noticable at J' = 35.5 where

the main line (hfs no longer resolvable) appears to begin to split into

two components. This pattern is consistent with a perturbation by a

state possessing significant si-doubling, quite surprising when one considers

that the perturber must have R > 4.5. A more detailed discussion of this

and other perturbations must await further Doppler-free experiments

and more complete knowledge of the electronic level diagram of PrO.

The spectrum of fluorescence which results from excitation in the

XX 0-0 band contains four bands to the red and none to the blue of

the laser-excited band. These bands are located near 587, 628, 662,

and 696 nm. The fluorescence excited by the Ar+ laser 529 nm line contains

five bands to the red and none to the blue of the laser excitation band.

Their wavelengths are 588, 647, 657, 695, and 756 nm.
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Ill. EXPERIMENTAL

PrO is produced in a Broida-type oven (8), modified for high

temperature use, by heating Pr60n1 with a trace of Pr metal to 1300-14000C

in a graphite crucible (Ultracarbon UPG Grade UF-4S with PT-l01 Pyrolytic

Graphite Coating). The vaporized PrO is entrained in flowing argon at

typical operating pressures of 1-3 torr. High resolution excitation

spectra (Doppler-limited resolution, 0.025 cm-' FWHM) are obtained by

scanning a single-mode Coherent Model 599-21 dye laser (bandwidth < 1 MHz),

operated with rhodamine 110 dye, over consecutive 1 cm-1 intervals and

detecting fluorescence through a 1 meter Spex monochromator functioning

as a narrow bandpass filter. The monochromator-selected spectral widths

were 0.05 to 0.2 nm. The advantages of narrow-band fluorescence detection

are discussed elsewhere (9,10).

Fluorescent spectra were obtained by excitation of a selected,

single rotational line with the frequency of the dye laser held fixed

and by scanning the monochromator in second order (1200 grooves/mm, 1.2 Um

blaze grating) with spectral slitwidths of 0.1 - 0.2 nm. Fluorescent

spectra were calibrated (± 0.3 cm-') with respect to neon and argon

atomic lines, while excitation spectra were calibrated (± 0.003 cm-' absolute)

with respect to 12 B 0+ - X'f+ lines (11) and a 300 MHz free spectral range,U
semi-confocal Fabry-Perot (± 0.001 cm-1 relative).
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IV. RESULTS

A. XX 0-0 Band Rotational Analysis

The P, Q, and R branch rotational lines for the 0-0 band

of the XX system, recorded by selective fluorescence detection,are

listed in Table 1. The absolute accuracy of the line positions for most

cases is + 0.003 cm-l . The exceptions are the P lines for 6.5 < J" < 10.5

where the accuracy is reduced by as much as a factor of five. The lower

accuracy is the result of poor signal to noise,due to the weak intensity of these

lines and the 0.05 nm fluorescence-detection spectral bandwidth needed in order to

significantly reduce the intensity of strong Q lines which are present in the

same spectral reqion. Even with a 0.05 nm bandwidth, 0 lines belonoin to higher J"

were still present and blended with several hyperfine components of the

low-J P lines.

The rotational constants for the Q' = 5.5 and " = 4.5 states were

obtained from a fit of energy levels using a weighted,nonlinear,least-

squares procedure. (The nonlinear capability is required only for analysis

of perturbations). For the J"<20.5 rotational lines of the P and R branches,

it was necessary to calculate rotational line centers using hyperfine

constants obtained from the hyperfine analysis (see Sec. IV.B). The

derived rotational constants for the upper and lower states are reported

in Table 2. The band origin reported in Table 2 is defined with respect to the

equation,

)= voo+B'[J'(J'+l) -,2] - B"[J"(J"+l) - O,,2]

-D'[J'(J'+l)] 2 + D"[J"(J"+l)] 2 , [1]
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as the extrapolated position of the nonexistent Q(O) line and differs from

the rotationless energy separation by B'R'2 - B"R''2 .

B. Hyperfine Analysis

The qualitative appearance of the hyperfine structure leads

to the following conclusions:

1) Significant hyperfine splittings exist in both upper

and lower electronic states,

2) The hyperfine structure is regular, i.e., E(J,F) < E(J,F+l),

3) A larger hyperfine interaction exists in the lower

state.

The spacings of hyperfine components within a rotational transition

were measured to a relative precision of ± 0.001 cm-1. A list of

measured hyperfine lines along with observed (fitted) and calculated

differences is presented in Table 3.

The hyperfine splittings and intensities of the XX 0-0 band

are well represented by the aa (or c) coupling case. Case a matrix

elements were obtained from Frosch and Foley (12). The hyperfine energy

level expression for an electronic state is

E(FJ) = d-d(J+)2J(+l) [F(F+l)-J(J+l)-I(I+l)]
[2]

+ 1 j<F,JJ Hhfs IFJ*>12

J B[J(J+l) - J*(J*+l)]

where the first term represents the AF=AJ=O matrix element of the hyperfine
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Hamiltonian and the second term is the second order perturbation theory

correction which arises from AJ=±l matrix elements.

The hyperfine constant,d,and its centrifugal distortion correction,

A, djifor both electronic states were obtained by simultaneously fitting

differences between AJ=AF = +1 and -l hyperfine lines of the Rr and P

lines (AJF ) to the expressions

RF,,+, (J")-R ,,(J")=[Ehf 5 (F"+2,J"+l)-Ehfs(F"+l,j"+I]- [E~fs(F"+l ,J")-Elfs(F",J")] [31

and

PP,_ (Ju)-PP,,(J")=[Ehfs(F"-2,J-I)-Eh [lf(F"-I,"-I hf s F-l J)-Ehfs(F" ,J [4

using a nonlinear least-squares procedure. Because the rotational constants

for the upper and lower electronic states are incorporated in the hyperfine

energy level expression, it was necessary to use an iterative method to fit

the rotational and hyperfine energy levels. This procedure involved: (1) a

preliminary fit of the hyperfine splittings ignoring off-diagonal corrections;

(2) rotational line centers were calculated from approximate hyperfine constants

thus obtained using

IJ"+2.5

V = E [v(F'J' F",J")-Ef(F',J')+E"f(F",J")] [5]
J"l-2.5 fhs

with J' = J" + 1, F' = F" + 1 or ' = J" - 1, F' = F" - 1 for the R or P

branches, respectively, where off-diagonal corrections and 2F" + 1
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statistical weights are ignored; (3) initial rotational constants were

obtained by including low-J rotational line centers as well as hyperfine-

blended higher-J lines in the fit; (4) these preliminary rotational

and hyperfine constants were then input as initial guesses forthe nonlinear

fit to expressions 3 and 4 in which off-diagonal corrections were explicitly

included. Refitting the observed lines to expressions 3 and 4 provided

better estimates for the rotational line centers, especially for R(4.5)

to R(6.5). The rotational lines were then refit using these improved

line centers. The process was repeated until the change in hyperfine

and rotational constants between iterations was less than 1 part in 10.

A maximum of only two iteration cycles (excluding the initial fit to

obtain preliminary constants) was necessary to satisfy the convergence

criterion.

A least squares fit, incorporating quadrupole interaction terms for both

upper and lower electronic states (13), was performed, but the quadrupole

constants were statistically undetermined. In addition, centrifugal distortion

corrections for d' and d" were included in the hyperfine fit, but the

d' distortion constant was also statistically undetermined. In

contrast, inclusion of the distortion constant for d" reduced the

variance of the hyperfine fit by almost an order of magnitude and elimin-

ated systematic deviations in the residuals between low and high J

hyperfine splittings. Hyperfine constants d', d", and d3 are presented

in Table 2.

The weak hyperfine lines observed in the R branch were found to

be AF = 0 transitions when their positions relative to the parent AF + 1

,.]
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transitions were predicted using the hyperfine constants in Table 2. Differences

between observed and calculated values for the five AF = 0 hyperfine

components of the R(4.5) line are listed in Table 4. The intensity ratio

observed between the AF = + 1 and AF = 0 transitions with the same

lower F" level,compared to the ratios calculated using the relations

derived by Femenias et al. (14), indicate that the AF = 0 transitions

are more intense than expected. Such anomalous intensities could result

from interaction between near degenerate electronic states. For J" > 5.5,

the AF = 0 transitions are buried under stronger AF = + I transitions,

except for the transition corresponding to F"max'

C. Analysis of Fluorescence Spectra

Rotational numbering of lines in the fluorescence from

the upper level of the XX 0-0 band near 560 nm was established from

prior knowledge of the J value of the selectively excited rotational

line in the high resolution excitation spectrum. In all cases, either a

P or Q excitation line was chosen. The rotational constants for the

lower electronic states were obtained by fitting the rotational energy

levels using a weighted least-squares procedure in which the upper state

constants were held fixed at the values for the XX 0-0 band. Because

rotational lines in the fluorescence spectra could be measured to an

accuracy no better than ± 0.3 cm-1 , centrifugal distortion constants

were not determined. They were fixed to the value of D0 of the XX 0-0

band.
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All fluorescent bands (587, 628, 662, and 696 nm) contained a

strong Q branch and weaker P and R branches, with the R branch more

intense than the P branch. Therefore, all of the lower states were

assigned as a" = 4.5. These relative intensity-based a-assignments

must be regarded as preliminary, since a an= ± 1 perturbation in either

the upper or lower state could result in misleading intensities and

incorrect assignments.

The 587 nm band is the 0-1 band of the XX System. From

this band, we obtain AG = 831.9 cm-1 , which is in reasonable agreement with AGI/2

calculated using the Shenyavskaya et al. band head vibrational constants (1).

The 628 and 662 nm bands are, respectively, the 0-0 and 0-1 bands

of another AQ = + 1 transition. The 696 nm band is a 0-0 band of a

third an = + I transition. Constants derived from analysis of the

fluorescence spectrum are summarized by Table 5 and Figure 1.

Laser induced fluorescence was also excited by the 529 nm line

of an Ar+ ion laser. This laser line falls within the wavelength region

of the Shenyavskaya et al. XXII 0-0 band (j). At this time2 it it not possible to

prove that the 529 nm line excites a line of the XXII 0-0. It is,

however, possible to provide n, rotational, and vibrational assignments

for the 529 nm excitation and to prove that it and System XX share a

common lower state.

The 529 nm line excites a P(34.5) line (15). The J" value is

determined from the observed lower state A2F(J") combination difference

3
and the B" value determined from the XX 0-0 excitation spectrum.
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Proof that System XX 0-0 and the 529 nm excitation share an

= 4.5, v" = 0 level is obtained from differences between corresponding

P(J+l) Q(J), and R(J-l) lines in their respective fluorescence spectra.

Five bands, 588, 647, 657, 695, and 756 nm, were observed to the red

of the band containing the 529 nm laser excitation line. The separations

of Q(33.5) lines between 529, 588, and 647 nm bands match perfectly

those of the Q(33.5) lines of the XX 0-0 628, and 696 nm bands. The

529, 588, and 647 nm bands contain P, Q, and R lines with R stronger

than P; thus a' = 5.5. Vibrational assignments are based on the much

greater intensity of Av = 0 than Av = ± I bands for all known PrO

electronic systems. The upper level of the 529 nm excitation is v' = 0

because the strongest fluorescence bands from it terminate in known

v" = 0 levels.

Two additional electronic transitions are present in the 529 nm

excited fluorescence spectrum which were not observed for XX 0-0

excitation. We predict that the transitions to these two higher lying

n" = 6.5 and a" = 4.5 states from the 9' = 5.5 state of the XX System

will be reasonably strong, but the reason that they were not observed for

the XX 0-0 excitation is that they lie beyond the red cut-off limit

of our photomultiplier. As shown on Fig. 2, these transitions

terminate on P" = 4.5 v" = 0 and 6.5 v" = 0 and 1 levels, all of which

lie at higher energy than the highest level observed in the XX 0-0

excited fluorescence.
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V. DISCUSSION

We conclude from the hyperfine analysis presented in this paper

that the analysis of trne hyperfine structure reported by Beaufils et al.

(4) for the XX system is incorrect. In the following paper we show

that the lower states of Systems XV.:I and XX, assigned by Beaufils

et al. (4) as components of a 2r state, exhibit very similar vibration-

rotation constants but hyperfine d values of dramatically different

magnitudes. This suggests that these states are certainly not

components of any case 'a' doublet and probably do not even arise from

the same electronic configuration.

It is uncertairwhether the electronic transition s' = 5.5 - 0" = 4.5

excited by the 529 nm argon ion line belongs to the XXIi 0-0 band

identified by Shenyavskaya et al. (I). They observed only Av = 0 sequence

bands for system XXII. Likewise, we observed only the Av = 00-0 band in

fluorescence from the 529 nm excited transition. Furthermore, only the Av = 0 band

for the two low-lying Q" = 4.5 states is observed. On the other hand,

the unusual absence of Av = -1 bands in 529 nm excited fluorescence

contrasts with the situation for XX 0-0 excitation, from which 0-0

and 0-1 transitions are observed into the two lowest w" = 4.5 states.

This suggests that the upper electronic states of the 529 nm excitation

and System XXII are both shifted to slightly shorter R' than the
e

upper state of System XX and are identical.
2
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Footnotes

1. Visiting scientist at MIT.

2. Laser excitation spectra of the System XXII 0-0 band, recorded

after this paper was completed, confirm that the Ar+ laser

529 nm line excites the P(34.5) line of this band.

3. The J" value was determined to be 34.5 + 1 from the 529 nm excited

fluorescence spectrum. The System XXII 0-0 excitation spectrum

removes the + 1 unit ambiguity and requires that J" = 34.5 (15).
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Figure Caption

Figure 1. Partial Level Diagram for Systems XX and XXII Fluorescence.

The fluorescence spectra show that System XX and the 5287R

excited system (* now known to be System XXII) share a common

lower level. The AT0 values shown are band origin differences

whereas the Av values are separations between Q(33.5) lines.

Only v" =0 levels are shown.
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Table 1. XX 0-0 Band Rotational Lines in cm a

R(J) Q(J) P(J)

4.5 17 846.068( 3)b

5.5 17 846.710(-I) b  -

6.5 17 847 .343(-I)b . 17 837.360(-20) b c

7.5 17 847.964(-1 )b - 17 836.560(-17)b c

8.5 17 848.573(-1) b  - 17 835 .750(-13)bc

9.5 17 849.172( 1)b - 17 834.9 22 (-15)b
'c

10.5 17 849.756( 0 )b -

11.5 17 850.329( 0 )b -

12.5 17 850.889( 0 )b

13.5 17 851.434(-3)

14.5 17 851.972(-I) b  - -

6.5 17 852.496( 0)b 17 840.758( 2) 17 829.723( -4)

16.5 17 853.005 (-2 )b 17 840.559( 3) 17 828.816( -1)

17.5 17 853 .503 (-2 )b 17 840.346( 2) 17 827.890( -3)

18.5 17 853.991(-l) 17 840.123( 4) 17 826.959( 2)

19.5 17 854.465( 0) 17 839.886( 4) 17 826.008( -1)

20.5 17 854.926( 0) 17 839.635( 2) 17 825.051( 2)

21.5 17 855.376( 2) 17 839.373( 2) 17 824.075( -2)

22.5 - 17 839.094(-2) -

23.5 17 856.236( 3) 17 838.812( 3) 17 822.089( -6)

24.5 17 856.644( 0) 17 838.508(-2) 17 821.088( 2)

25.5 17 857.043( 2) 17 838.196(-2) 17 820.066( 2)

26.5 17 857.425(-1) 17 837.872(-I)

i I ,,, ' _. . .% .. . w
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Table 1. (continued)

J R(J) Q(J NOJ

27.5 17 857.795(-2) 17 837.534(-1)

28.5 17 858.149(-7) 17 837.184(-1) 17 816.918(-4)

29.5 17 858.500(-2) 17 836.820(-l)

30.5 17 858.834( 0) 17 836.447( 2) 17 814.757(-7)

31.5 17 859.155( 1) 17 836.056( 0)

32.5 17 859.459(-1) 17 835.654( 0)

33.5 17 335.240( 2)

34.5 17 834.812( 0)

aNumbers in parentheses are (observed minus calculated) in units of 10 nf1

bRotational line centers corrected for hyperfine structure.

cBlended line, not used in fit.



-53-

Table 2. XX 0-0 Band Rotational and Hyperfine Constants in cm

n" = 4.5 = 5.5

V0 To 0.0 17 845.737(1)

B 0.361918(22) 0.355904(23)
7

D x 107 1.78(16) 2.60(17)

dob 0.2816(17) 0.1328(15)
0

dj 6.67 (54) xl - 5

Vhead(alculated) 17 862.688 [R(53.5)]

Vhead (observed)c 17 863.0

aUncertainties in parentheses represent one standard deviation

bd". = d0 - dj J(J+l)

CReference (1).

I ----
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a
Table 3. Selected Hyperfine Lines of the XX 0-0 Band in cm .

R(J) F" Vhfs AVobserved

4.5 2 17 846.438
0.070(-3)

3 846.368
0.096( 1)

4 846.272
O.130(-l)

5 846.142
0.161( 0)

6 845.981
0.196( 0)

7 845.785

5.5 3 17 846.995 0.062(-2)

4 846.933
0082( 2)

5 846.851 0.104(-l)

6 846.7476 ~0.122(O0)

7 846.625 0.143(-l)

8 846.482

6.5 4 17 847.575
0.060(-l)

5 847.5155 847.5150.066(-6 )b

6 847.449 0.092( 7)b

7 847.357
0.097( 1)

8 847.260
0.109( 1)

9 847.151

)' T1
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Table 3. (Continued)

R(J) F" Vhfs AVobserved

7.5 5 17 848.158
o.o52( 1 )

6 848.106
0.061( 2)

7 848.045

0.082(-1)
9 847.890

o.090(-1)
10 847.800

8.5 6 17 848.739 0.049(-1)

7 
848.690

0.055( 0)
8 848.635

0.062( 0)
9 848.573

0.067( 2)
10 848.506

0.074( 1)
11 848.432

9.5 7 17 849.319
0.045(-l)

8 849.274
0.050(-1)

9 849.224
0.054( 1)

10 849.170
0.061(-11,

11 849.109
0.068( 4)

12 849.041

_ -.. ii

-- ~----
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Table 3. (Continued)

R(J) F" Vhfs AVobserved

10.5 8 17 849.884 O.040(O0)

9 
849.844

0.044( 0)
10 849.800

0.048( 0)

11 
849.752

0.051(I1)

12 
849.701

0.055(l1)

13 
849.646

11.5 9 17 850.443
0,037 (-1)

10 
850.406

0.039( 1)
11 850.367

O.043( 0)

12 
850.324

0.046(o0)
13 

850.278

0.050(-1)
14 850.228

12.5 10 17 850.991
0.033( 0)

11 850.958
~0,037(-1)

12 
850.921

0.039(o0)
13 

850.882

0.043(-1)

14 
850.839

0.045(-1)
15 850. 794
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Table 3. (Continued)

R(J) F"hfs &l observed

13.5 11 17 851.528
0.030( 1)

12 851.498 0.032( 1)4

13 851.463 0.032( )

0.035(O0)

14 851.427
0.036( 2)

15 851.391
0.039( 1)

16 851.352

14.5 12 17 852.054

13 852.029
0.032( 2 )b

14 851.997
0.032( 0 )b

15 851.965
0.034( 0 )b

16 851.931 b0.035(-I)b
17 851.896

(PMJ F1@"AP"V hfs Alobserved

6.5 4 17 837.510
0.050( 4)

5 837.460
0.049(-2)

6 837.411
o.055( 0)

7 837.356
0.056(-2)

8 837.300
0.060(-2)

9 837.240
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Table 3. Continued

p(J) FitVhf s  AVobserved

7.5 5 17 836.688 0.040( -2)

6 836.648
o.045(-1)

7 836.603
O.049(-1)

8 836.554
0.052( 0)

9 836.502
0.053(-3)

10 836.449

8.5 6 17 835.871
0.036(-2)

7 835.835
0.038(-4)

8 835.797
0.048( 4)

9 835.749
0.047(-1)

10 835.702
0.048(-3)

11 835.654

aNumbers in parentheses represent observed - calculated in 10-3 cm 1.

bThese values were not included in the fit because of blending.
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Table 4. AF = 0 Hyperfine Transitions of XX 0-0.

Intensity Ratio

F' F" (cm-') AV (cm"1 )a Observed Calculated

R(4.5)
3 3 - 0.8b7.8
4 3 17 846.368 0 0 8 1 7

4 4 17 846.171 0.101(0) 6.2
5 4 17 846.272

5 5 17 846.022 0.120(-2) 3.5 6.8
6 5 17 846.142

6 6 17 845.838
7 6 17 845.981 0.143(0) 3.2 9.2

7 7 17 845.623 0.162(-2) 4.2 17.5
8 7 17 845.785

R(7.5)
10 10 17 847.694
11 10 17 847.800 0.106(8)

R(8.5)
11 11 17 848.349 0.083(-3)
12 11 17 848.432

R(9.5)
12 12 17 848.968 0.073(-4)
13 12 17 849.041

R(10.5)13 13 17 849.579

14 13 17 849.646 0.067(-3)

R(11.5)
14 14 17 850.166
15 14 17 850.228 0.062(-2)

R(12.5)
15 15 17 850.738 0.056(-3)
16 15 17 850.794

R(13.5)
16 16 17 851.296
17 16 17 851.352 0.056-2)

aQuantities in parentheses are observed minus calculated in 10-3 cm-1 .
bCalculated splitting. The F' * F" 3,3 and 5,4 hyperfine lines are blended.
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Table 5. Sumuary of Constants Derived from XX 0-0 Band FluorescenceSpcr

5.5 17 845.737(1) 0.355904(23) -2.60(17)

4.5 3 500.3(3)e 0.3556(3) -1.78

4.5 1 936.7(2)~' 0.3637(2) 0.0018(4) 1.78

4.5 0.b 0.361918(22) 0.0014(3) 1.78(16)

aUncertainties in parentheses are one standard deviation.

bAI/ 831.8(4)

AG/ 833.0(4)

dsl. = 55- W'=4. 'ha (cal cul ated) =15 921.9 (R branch)

e,= 5.5 - sV = 4.5. The head occurs at very high J in P branch and the band
should appear to be headless.
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List of Svmols

n Cap. Greek omega
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E Cap. Greek sigma
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ionized praseodymi um

1.c. Greek sigma
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Abstract

Doppler-limited laser excitation spectra for four bands of PrO have been

recorded: System XVII 0-0, System XXI 0-0 and 0-1, and the 0-0 intercombination

between the upper and lower states, respectively, of Systems XVII and XXI. First

lines in R and P branches prove that Systems XVII and XXI are, respectively,

= 4.5 - n" = 3.5 and n' = a" = 4.5. Hyperfine components are well-resolved

for all four excitation bands. Rotational and hyperfine constants are determined

by least squares fits of data from all four bands together. In addition,

fluorescence spectra, recorded from various J, v' = 0 levels of the upper states

of Systems XVII and XXI, reveal five new low-lying states. Principal constants

(in cm-1 ) for nine n-states follow (lo uncertainty in parentheses):

State Tv Bv  d(hfs)

= 4.5 (System XXI) 18 882.388 (2) 0.353001 (18) 0.12403 (71)

W = 4.5 (System XVII) 16 594.075 (1) 0.353736 (20) 0.12977 (67)

" = 3.5 3 887.15 (16) 0.35751 (28) -

0" = 3.5 2 931.66 (15) 0.35712 (21) -

s" = 4.5 2 155.16 (30) 0.36264 (67) -

s n" = 3.5 2 099.16 (31) 0.35079 (71) -

al = 3.5 2 064.34 (13) 0.35654 (20) -

a" = 4.5 (System XXI) 217.383 (1) 0.362134 (20) 0.27744 (66)

a" = 3.5 (System XVII) 0.0 0.360948 (16) -0.00809 (85)
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I. Introduction

The 22 electronic transition reported by Shenyavskaya et al. (1) indicate

that the electronic structure of the PrO molecule is extremely complex and

that construction of a reasonably complete energy level diagram for E < 25 000 cm
1

will be a formidable task. The preceeding paper (2) suggests that there are

many more than 22 electronic systems involving the lowest electronic states of

PrO. In that paper, it was possible, for the first time, to arrange several electronic

states into a partial energy level diagram. In this paper we present another

partial level diagram, based on laser induced fluorescence spectra resulting

from excitation of specific transitions in the System XVII 0-0 and XXI 0-0 bands.

The two groups of states discussed here and in the preceeding paper (2) cannot,

at present, be unambiguously linked to each other.

An indication of the expected complexity of the electronic structure of

PrO is obtained from the following considerations. Among the lowest energy

configurations, one expects Pr+20-2 with three electrons in Pr +2-centered,

6s4f2 nonbonding orbitals. From this configuration alone one expects 91 case 'c'

molecular states as follows:

Number of n-States

n Ja = 6.5 5.5 4.5 3.5 2.5 1.5 0.5 Total

6.5 2 2

5.5 2 3 5

4.5 2 3 4 9

3.5 2 3 4 4 13

2.5 2 3 4 4 4 17

1.5 2 3 4 4 4 4 21

0.5 2 3 4 4 4 4 3 24
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each of which is doubly degenerate. Hund's rules suggest a lowest lying Pr-.-

4H3.5 state which will be split by the 0-2 1S ligand into o = 3.5, 2.5, 1.5, and

0.5 molecular states, in order of expected increasing energy. The fact that we

report here several low lying n = 3.5 states is interesting, if not significant.

In addition to states with 6s4f2 parentage, one might expect 6s24f, 6s5d4f,

and 4f3 states. These should be recognizable from differences in hyperfine

coupling constants. It may be significant that the magnetic hyperfine structure

of the lower state of System XVII is significantly smaller than that for the

upper state of System XVII and both states of Systems XX and XXI.

This paper presents the analysis of rotational and hyperfine structure

for the System XVII 0-0 (602 nm), XXI 0-0 (535 nm), and 0-1 (560 nm) bands and

the 0-0 band (610 nm) of a newly identified intercombination system involving

the upper state of System XVII and the lower state of System (XXI). For

conciseness, this system will hereafter be referred to as XVII-XXI. In addition,

spectra of fluorescence excited from v' = 0 levels of Systems XVII and XXI have

led to identification of five new v' = 0 levels (four s=3.5, one sl=4.5, zero S=5.5)

approximate rotational constants for these levels, and an energy linkage of

Systems XVII and XXI through XVII-XXI and XXI-XVII intercombination bands

(610 and 529 nm).

II. Experiment

Experimental conditions were identical to those reported in the preceeding

paper (2) with the exception that Rhodamine 6G and 110 dyes were used, respectively,

to record the spectra (excitation and fluorescence) for Systems XVII and XXI.
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III. Description of Excitation and Fluorescence Spectra

The System XVII 0-0 band (Table 1A) is red degraded, has a bandhead at 601.89 nm (1),

and includes three branches with intensities IQ >>IR > I p. The first lines

in the R and P branches are found to be R(3.5) and P(5.5). The resolved

fluorescence method for identifying first lines employed here is free of

interference by overlapping lines, in constrast to classical spectroscopy.

The present analysis confirms that System XVII involves an a' = 4.5 - V = 3.5

transition 3).

The System XXI 0-0 and 0-1 bands (Table 1B) are red degraded, with heads at 535.20

and 560.06 nm (1), and consist of three branches with intensities I = IR >> IQ,

The weak Q branch is found only at low J values. The first lines in the R

and P branches are found to be R(4.5) and P(5.5), which implies that System XXI

involves an Q' = 4.5 - 0 = 4.5 An = 0 transition.

As was the case for System XX (2), hyperfine splittings are resolvable,

under Doppler-limited conditions, for low-J lines of Systems XVII and XXI (Table 2A and B).

There are always six strong components, corresponding to the AF = AJ selection

rule. Additional weak AF = 0, AJ = +1 components are observed for the first few R lines

in both systems. The intensity pattern of the hyperfine components of the

P, Q, and R lines of both systems is consistent with case 'a.@ (or 'c8')

coupling.

The hyperfine components of each P, Q, and R line of Systen XVII 0-0 are

shaded to shorter wavelengths. In other words, Fmin - 5/2 is always at

longer X than P = J" + 5/2. Whan the hyperfine splittings of P(J") with

R(J") and P(J" + 1) with R(J" - 1) line pairs are compared, by far the larger

hyperfine splitting is found to occur in the upper electronic state (' = 4.5).

The hyperfine shading of P and R lines for System XXI 0-0 and 0-1 bands is
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in the opposite sense to that found in System XVII 0-0. Comparison of P. R

line pairs with common J" and J' values leads to the conclusion that the

larger hyperfine splitting occurs in the lower state (f" = 4.5). The upper

state (n' = 4.5) hfs is approximately 50% as large as that in the lower state.

The rotational structure of the System XVII 0-0 band is perturbed in the

upper state (Table ID). Level shifts and extra lines become noticable by J' = 21.5

One set of extra lines appears to cross the main lines from above at J' 23.0.

However, for only the two J values on either side of this crossing an additional

set of (weak) extra lines is present, corresponding to an additional state

crossing both the main and stronger perturber from above. The original series

of extra lines disappears by J' = 25.5, but a residual shift of R, Q, and P

lines persists to higher J' values. Beyond J' = 29.5, all lines split into

two components of about equal intensity with splitting proportional to J (J+l).

Near the J = 23 crossing, both sets of extra lines are far broader than their

predicted Doppler widths (as well as broader than the unperturbed main lines),

thus suggesting that both perturbing states have unusually large hyperfine

structure. A detailed discussion of these perturbations must await i assignments

and low-J resolved hfs for the perturbers.

When individual rotational lines of the System XVII 0-0 band near 602 nm

are laser excited,five 0-0 bands are observed (in addition to XVII 0-0) in

the resultant fluorescence spectrum. These bands are located at approximately

610, 688, 730, 732, and 787 nm. A similar spectrum excited via XXI 0-0 near

535 nm contains five 0-0 bands (in addition XXI 0-0) at 530, 595, 596, 598, and

667 nm and three 0-1 bands, 625, 627, and 667 nm.

In Section IVC we show that the 530 and 610 nm fluorescence bands are

XXI-XVII si' = 4.5- a" = 3.5 and XVII-XXI n' = 4.5-a" = 4.5 intercombination bands,
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respectively. High resolution, Dopper-limited excitation spectra were recorded

for the 610 nm band, which was found to consist of strong P and R lines and

weaker Q lines observable through J = 30.5. The relative branch intensities

and observed first lines, R(4.5) and P(5.5), demonstrate that this band is

9' = 9' = 4.5, in agreement with the XVII-XXI assignment. Large hyperfine

splittings in R and P lines are resolvable through R(19.5) and P(19.5). The

hyperfine components are shaded to longer wavelength [X(Fmin) < x(Fax)].

Comparison of hyperfine splitings in P and R lines indicates, as expected,

larger hfs in the lower state. Finally, rotational perturbations in the upper

state exactly match those in the System XVII 0-0 band.

IV. Results

A. Rotational Analysis

The rotational lines of the XVII 0-0, XXI 0-0 and 0-1, and XVII-XXI 0-0

bands are listed in Table 1. For those low-J lines with resolvable hfs,

centers-of-gravity are computed from measured hyperfine components.

B. Hyperfine Analysis

Measured hyperfine components are listed in Table 2, along with observed

and calculated splittings between components. The splittings and intensities

are well represented by case 'a coupling.

The magnetic hyperfine constants for the upper and lower v' = v" = 0 levels

of Systems XVII and XXI as well as v" = I of System XXI were obtained from a

simultaneous, nonlinear, least squares fit to all resolved hfs from the four

bands cited in Section IVA. The fitting procedure employed the Davidon-Fletcher-

Powell (4) algorithm and the hyperfine energy level expressions from the

preceeding paper (2). AJ t 0 hyperfine matrix elements necessitated iterative

fitting; the convergence criterion for the hfs parameters was 1 in l0.

S.-
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This simultaneous fit of hfs from four bands involving three electronic

states has significantly reduced correlation between upper and lower state

hyperfine constants. One important result is that it has been possible to

obtain a statistically significant value for the very small hyperfine constant

for the lower state of System XVII. Quadrupole interaction terms were found

to be statistically indistinguishable from zero (&eQq < 20 RIz).

The rotational and hyperfine constants for the upper and lower levels of

the four bands recorded at high resolution are listed in Table 3.

C. Analysis of Fluorescence Spectra

The dye laser was tuned to excite known P(J) or Q(J) lines of the

System XVII and XXI 0-0 bands. Thus term energies and J' values are known

without ambiguity for all lines appearing in the resultant fluorescence

spectra. s" assignments for the lower states observed in fluorescence were

based on low-J P vs. R relative intensities and the presence or absence of

Q lin-s. At low-J, all intensity anomalies, which arise from parallel vs.

perpendicular transition interference effects, vanish because the heterogeneous

perturbation matrix element responsible vanishes as J -0 (5).

The energy levels of Systems XVII and XXI were linked through these

fluorescence spectra. A band, containing strong P and R lines and very weak

Q lines (Ao = 0), was found approximately 217 cm-1 to the red of the System XVII

0-0 band. Another band, 217 cm-1 to the blue of the System XXI 0-0 band, was

found which exhibited IQ >> IR > Ip (Ag = +1). These two bands were assigned

as XVII-XXI and XXI-XVII intercombination bands. These assignments are supported

by the following: first, all fluorescence bands observed upon excitation in

System XVII correspond to levels observed in fluorescence excited via System XXI

(only the 598 nm band from System XXI has no System XVII counterpart); second,
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the rotational and hyperfine constants derived from the 610 nm XVII-XXI

intercombination band (Tables IC and 2C) exactly match those for the upper and lower states.

respectively, of Systems XVII and XXI; third, the upper state perturbations

in the XVII and XVII-XXI 0-0 bands match perfectly.

Table 4 presents TO (relative to zero for the lower state of System XVII)

and B0 values derived from least squares fits to all fluorescence lines

resulting from excitations in System XVII and XXI 0-0 bands. The measurement

accuracy for the lines in the fluorescence spectra, + 0.3 cm"1 , is insufficient

to allow determination of centrifugal distortion constants.

Figure I is a level diagram summarizing the energies and a-values for all

states of PrO observed in the excitation and fluorescence spectra discussed in

this paper. A similar level diagram is presented in the preceeding paper (2),

but no linkage between the states shown on these two diagrams can, at present,

be demonstrated.

V. Discussion

Although the rotational and vibrational constants of PrO for all states

discussed in this and the previous paper (2) vary by at most 1%, the hyperfine

constants exhibit a huge range of variation. In particular, the lower state

of System XVII (Vl = 3.5) possesses an extremely small magnetic hfs, suggesting

that it is derived from a configuration with no 6s Pr ur electrons. The

larger hfs of the upper and lower systems of Systems XX and XXI and the upper

state of System XVII could be consistent with single occupancy of a Pr-jz 6s

orbital. Since the electron spin of these states is unknown (and probably

ill-defined because of strong spin-orbit mixing), it is not possible to report

the usual Fermi-contact hyperfine constant for each state. However, it should
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be pointed out that if the lower states of Systems XX and XXI are doublets,

then their Fermi-contact terms would be 0.554 cm-1 , in reasonable agreement

with the corresponding term for 4f26s levels of the free Pr = ion (6).

(The precision of hfs constants from Pr III spectra are considerably poorer

than for the molecular hfs reported here.)

It is premature to speculate further about the configurational parentages

of the observed states of the PrO molecule. It is clear from the small range

of variation for rotational and vibrational constants that these electronic

states differ only by which three of the numerous (fourteen 4f, ten 5d, two 6s)

nonbonding, Pr+2 -centered spin-orbitals are occupied. The often-ignored Hund's

case 'c' quantum number, Ja (total angular momentum of the Pr :a ion), is

likely to be useful in understanding perturbations and transition intensity

patterns. For example: of the multitude of predicted a = 3.5 and 4.5 states,

those belonging to the same Ja will appear together in the fluorescence spectrum

from a single upper state; of transitions sharing a common state, those with

N = Ata will be strongest (if J a % z) and those with IAJal > 1 should be very weak. It

is likely that the upper states of Systems XVII and XXI share a common Ja

(probably 4.5) which is different from the Ja value (probably 5.5) of the

System XX (and possibly XXII) upper state.

It is hoped that continuing investigations of Systems XXII, XVI, and XV

(Z),combined with results from Shenyavskaya et al. (8),will permit more

definitive Ja and configurational assignments as well as construction of a

complete energy level diagram for E < 25000 cm:.
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Figure Captions

Figure 1. Partial Level Diagram for Systems XVII and XXI. The dotted

(solid) lines indicate the System XVII (XXI) 0-0 excitation

band and all resultant 0-0 fluorescence bands. Note that all

but one lower v" = 0 level appear in fluorescence spectra

excited via Systems XVII and XXI.

i
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Table 1A. System XVII (' = 4.5 - = 3.5) Rotational Lines (in cm-l)ab

0-0 Band

J R(J) Q(J) P(J)

3.5 16 594.406 (2) - -

4.5 595.047 (1) --

5.5 595.675 (1) - - 16 587.191 (6)
6.5 596.287 (0) - - 586.379 (-5)
7.5 596.884 (-2) - - 585.562 (-6)
8.5 597.471 ( 1) - - 584.732 (-6)
9.5 598.038 (-1) - - 583.896 (2)

10.5 598.592 (-2) - - 583.041 (7)
11.5 599.134 (0) 582.163 (2)
12.5 599.661 (2) - - 581.276 (3)
13.5 600.170 (1) 16 589.910 (-6) 580.375 5)
14.5 600.664 (0) 589.699 (-6) 579.456 (3)
15.5 601.144 (0) 589.474 (-5) 578.525 (4)
16.5 601.610 C1) 589.230 (-8) 577.573 (-1)
17.5 - - 588.480 (-3) 576.614 (2)
18.5 602.490 (-3) 588.712 (-10) 575.642 (6)
19.5 602.905 (-8) 588.426 ( 0) 574.650 (6)
20.5 - - 588.123 (-2) 573.645 (7)

aNumbers in parentheses are observed minus calculated, in 10- 3 cn-1.

b Degeneracy weighted centers of gravity calculated from resolved hyperfine components:

i
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Table lC.Intercombination: Upper State System XVII - Lower State System XXI

(S' = 4.5 - 9" = 4.5) Rotational Lines (in cm-)ab

0-0 Band

R(J) R(P)

4.5 16 380.550 (4) -

5.5 381.164 (4) 16 372.671 (-l)
6.5 381.760 (2) 371.853 (-2)
7.5 382.340 (1) 371.019 (-3)
8.5 382.904 (1) -

9.5 383.452 (2) 369.300 (-4)
10.5 383.980 (0) 368.418 (-3)
11.5 384.491 (-1) 367.519 (-1)
12.5 384.988 ( 0) 366.600 (-2)
13.5 385.465 (-1) 365.665 (-2)
14.5 385.926 (-1) 364.714 (-2)
15.5 386.370 (-1) 363.746 (-1)
16.5 386.798 (1) 362.761 (-l)
17.5 387.207 (2) 361.759 (0)
18.5 387.598 (2) 360.742 (3)
19.5 387.970 (0) 359.705 (3)

aNumbers in parentheses are observed minus calculated, in 10- cm-

'Degeneracy weighted centers of gravity calculated from resolved hyperfine components.

**-,- ...
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Table 2A. System XVII 0-0 Band Hyperfine Lines (in cm-1)

J" F R(", J) -Ava P(F", 3") -AVa

3.5 1 16 594.069
2 594.142 0.073 ( 1 )b0.097 (O0)
3 594.239 0.121 1)
4 594.360 0.146 (-1)
5 594.5066 59.678 0.172 (-1)6 S94.678

4.5 2 594.775
3 594.842 0.067 1)
4 594.925 0.083 (0)
5 595.025 0.100 (o0)
6 595.140 0.133 (0)
7 595.273

5.5 3 59.449 0.060 0) 16 586.861 0.0704595.509 5860.O9317 (1)
5 595.581 0.072 (0) 587.027931 0.096 (1)
6 595.665 0.084 0) 587.146 0.119 0)
7 595.761 0.096 (0) 587.1 0.145 (1)
8 595.868 0.107 (-1) 587.260 0.169 (1)8 595. 868 587.460

6.5 4 596.093 0.056 ( 2) 586.109 0.068 ( 2)
5 596.149 0.063 ( 0) 586.177 0.089 ( 2)6 596. 212 "586.261
7 596.284 0.072 (0) 586.357 0.096 (2)
8 596.365 0.081 (0) 586.357 0.116 (2)
9 596.455 0.090 (0) 586.603 0.130 0)

7.5 5 596.716 0.050 1) 585.340 0.060 0)6596.766 58S0.400.60(O
6 596.766 0.057 (1) 585.400 0.070 (-1)
7 596.886 0.063 ( 0) 585.470 0.083 ( 0)
8 596.886 0.070 ( 0) 585.553 0.094 ( 0)9 596.956 585.647

10 597.033 0.077 C 1) 585.752 0.105 (-1)

8.j 6 597.323 0.045 ( 0) 584.543 0.053 (-1)
7 597.368 0.050 (0) 584.596 0.063 (0)
8 597.418 0.057 (1) 584.659 0.071 (0)
9597.475 0.060 (-1) 584.730 0.078 (-2)

10 597.535 0.067 1) 584.808 0.089 1)
11 597.602 584.897

9.5 7 597.908 0.041 0) 583.732 0.049 0)
8 597.949 0.045 (0) 583.781 0.055 (-0)
9 597.994 0.050 (0) 583.836 0.063 (-1)
10 598.044 0.054 (o) 583.899 0.068 (-1)
11 598.098 0.058 (0) 583.967 0.075 (-1)
12 598.156 584.042 0

I



Table 2A (concluded) -82-

Fr I F" R(F', J") -AIVa P0.11, ill) -AVa

10.5 8 16 598.476 0.036 (-1) 16 582.898 0.043 (-1)
9 598.512 0.042 1) S82.941 0.050 ( 0)

10 598.554 0.044 (0) 582.991 0.053 (-2)
11 598.598 0.048 (0) 583.1054 0.061 (1)12 598.64658.0
13 598. 698 0.052 (1) 583.170 0.065 (0)

11.5 9 599.031 0.033 (-1) 582.035 0.040 (0)
10 599.064 0.3 )582.075 005 (0

11 59.0640.041 0 ) 5218 0.05 0)
12 599.1014 582.120 008 (1

13 599.184 0.042 (-1) 582.221 0.058 0 )
14 599.230 0.046 (0) 582.279 008 1

12.5 10 599.566 0.032 (1) 581.162 0.036 (-1)
11 599.598 0.033 0) 581.198 0.040 (0)
12 599.631 oo6 ( 581.238 004 (0
13 599.667 0.3 )581.282 0.046 (-)
14 599.706 0.039 (1) 581.328 0.051 (-0)
15 599.747 0.041 (0) 581.379 001(0

13.5 11 600.086 580.273
12 600.114 0.028 (0) S036 003(1
13 600.145 0.031 (1) 580.306 0.033 (-)
14 600.178 0.033 C1) 580.381 0.0369 0)

0.035S 1) 58.8 003 (1)is600.213 580.424 003 (1
15 0.5 0.037 (1) 580.468 0.044 (-1)

14.5 13 600.614002 0 579.366 0.029 (-2)
12 600.588 0.0268 0) 593s 0.033 ( 0)
14 600.642 0.0289 0) 579.428 0.035 (-1)
15 600.671 0.2 )579.463 008 (0

4 16 600.703 0.3 )579.501
17 600. 736 0.033 (0) 579.541 0.040 (0)

15.5 13 601.076 0.2 )578.444 008 0
14 601.099 0.023 (-0) S78.472 0.028 (-0)
15 601.123 0.024 (-) 578.501 0.029 (-1)1 0AO 0.027 1 ) 578.529 0.028 (-)
17 601.179 0.029 0 ) 578.566 0.037 1 )
18 601.209 0.3 (0 78.603 007 (1

16.5 14 601.550 009 (2
15 601.569 0.019 (-2)
16 601.591 0.022 (1)
17 601.616 0.025 0 )
18 601.641 005 C0
19 601.669 0.028 C1)

a For each hyperfine inultiplet, the 5 tabulated differences between adjacent components
were input to the hyperfine fit. Note that the hyperfine pattern in this band is
degraded in the opposite sense to that for the other bands.

b Caculated minus observed, in 10 - cm-1
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Table 2C. Intercombination: Upper State System XVII - Lower State System XXI

0-0 Band Hyperfine Lines (in cm 1)

J" F" R(F", J") va  P(P' Jl) A a

4.5 2 16 380.977 b
3 380.889 0.088 ( 6)
4 380.778 0.111 (-5)
5 380.628 0.157 (-1)
6 380.441 0.187 (0)
7 380.215 0.226 (2)

S.5 3 381.498 16 372.907 0.067 (-)b
4 381.422 0.076 (-1) 372.840 0.076 (-1)
5 381.322 0.100 (0) 372.764 0.085 (-2)

6 381.200 0.122 (0) 372.679 0.096 (-2)

7 0.143 (-1) 372.583 0.0 (-2)

8 380.892 0.165 (-1) 372.480 0.103 (-S)

6.5 4 382.035 372.061
5 381.965 0.070 (-1) 372.000 0.061 (2)
6 381.879 0.086 ( 0) 371.932 0.068 (0)
7 381.777 0.102 ( 0) 371.856 0.076 (-1)

8 381.662 0.115 (-2) 371.774 0.082 (-3)
9 381.531 0.131 (-1) 371.684 0.090 (-3)

7.S 5 382.592 371.203
6 382.507 0.065 (-1) 371.149 0.054 (0)
7 382.433 0.074 (-2) 371.087 0.067 (-1)
8 382.347 0.086 (-1) 371.020 0.07 (-I)
9 382.250 0.097 (-1) 370.947 0.073 (-2)
10 382.143 0.107 (-1) 370.869 0.078 (3)

8.5 6 383.104
7 383.046 0.058 (0)
8 382.980 0.066 (-1)
9 382.904 0.076 (0)

10 382.822 0.082 (-2)
11 382.731 0.091 (-1)

9.5 7 383.627 369.446 0.046 1)
8 383.579 0.053 (O0) 369.400 0.049 (-1)
9 383.515 0.059 (-1) 369.351 0.054 (-1)
10 383.449 0.066 (-1) 369.297 0.058 (-1)
11 383.377 0.072 (-1) 369.239 0.058 (-1)
12 383.296 0.081 (2) 369.180 0.059 (-4)

k . ... .. .... ....



Table 2C (continued) -87-

X, P' R(F', J"t) Ava P(', J") va

10.5 8 16 384.135 16 368.546
9 384.087 0.048 (-1)368.504 0.042 ( 0)
10 384.033 0.059 ( 0) 368.459 0.045 (-1)
11 383.975 0.058 (-1) 368.410 0.049 ( 0)

12 383.910 0.065 ( 1) 368.358 0.052 (-1)

13 383.843 0.067 (-2) 368.304 0.054 (-3)

11.5 9 384.629 0.044 (-1) 367.634 0.04 ( 0)
10 384.585 0.049 (0) 367.595 0.04 (1)
11 384.536 0.052 ) 367.534

12 384.484 0.057 0 0) 367.56 0.047 (-1)
13 384.427 0.060 (-) 367.463 0.049 (-2)
14 384.367 067.413

12.S 10 385.112 0.040 (-1) 0.035 (-1)
11 385.072 0.040 (- ) 366.670 0.038 ( 0)
12 385.027 0.047 (-0) 366.632 0:040 (-1)
13 384.980 O.OSO (-2) 366.592 0.043 (-1)
14 384.930 0.054 (-2) 366.549 0.045 (-1)
15 384.876 366.504

13.5 11 385.578 365.76212 385.541 0.037 (-1) 35790.033 (O0)
13 385.541 0.041 (0) 365.729565694 0.035 ( 0)

14 385.457 0.043 (-1) 365.657 0.037 (-0)

is 385.411 0.046 (-1) 365.617 0.040 ( 2)

16 385.362 0.049 ( 0) 365.577 0.040 (-2)

14.5 12 386.030 0.034 (-1) 365.806 0.030 (-1)
13 386.996 0.038 () 364.776 0.032 (-1)
14 386.968 0.03 0) 34.74403 (-1)
15 385.918 0.040 (0) 364.710 0.037 ( 0)16 385.876 0.042 ( 0) 364.673 0.037 (-1)
17 385.828 0.048 3 3) 364.636

15.5 13 386.464 0.032 O) 363.830 0.027 (-1)
14 386.432 0.035 0) 363.803 0.030 (0)
15 386.397 363.773
16 386.3-2) 363.741 0.032 O)
17 386.323 0.038 (-1) 0.034 (-2)18 386.283 0.040 (-1) 363.674 0.033 (-2)

16. 81 386.285 362.838
16.5 14 386.885 0.030 ( 0) 362.838 0.024 (-2)16 386.824 0.031 (-1) 362.786 0.028 0)

17 386.790 0.034 (0) 362.756 0.030 (1)18 386.753 0.037 (1) 362.725 0,031 (0)
19 386.718 0.035 (-2) 362.694 0.031 (-1)
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Table 2C (concluded)

3I F" R(F', J") LV a P(F", J'" )a

17.5 15 16 387.287 0.027 (1) 16 361.829 0.020 (-4)
16 387.260 0.030 (-0) 361.809 0.029 ( 3)
17 387.230 0.031 (0) 361.780 0.026 (-1)
18 387.199 0.033 0) 361.754 0.028 (-2)19 387.166 0.03O 0) 361.726 0.028 (O)
20 387.132 361.698

18.5 16 387.673 0.025 (-1) 360.808 0.022 (-1)
17 387.648 0.029 (2) 360.786 0.025 ( 1)
18 387.619 360.761

0.02870) 0.024 (1l)
19 387.591 0.028 (0) 360.737 0.024 (-1)
20 387.559 0.032 (2) 360.710 0.027 (1)
21 387.528 0.031 3) 360.683 0.07 (O)

19.5 17 388.039
18 388.017 0.022 (-2)
19 387.991 0.026 1)
20 387.962 0.029 (2)
21 387.932 0.030 (2)

22 387.902 0.030 (1)

aFor each hyperfine multiplet, the 5 tabulated differences between adjacent components
were input to the hyperfine fit.

bObserved minus calculated, in 10 ' cm- 1 .Il



I -tr Ln-89-
U n r -- -

I- OCCJO

P- C> %a J

r- %-0 WD LlW

I cn tr..

= c) r- CA -o- co

V ~ cc' C>

0040a 00 L

c'J C C4 C4

0

S.. C~J CJ C% -4

%0 CA -. c~ 00

u Co r-c0 C7%

- Cl ( CW) 0) (%J 0
> LnL D Dt

cm CV CV C)

4-)
An

t) CM J C'%J -0

E- co r-0)ci0 LnC siw
'.0 4J

0o cc

4J (%

>3 >3 CC

m0 0 n ILO U) U)ULn C.D
0 4) *



-90-

Table 4. Molecular Constants for Low-Lying States Observed

Through Fluorescence from the XXI and XVII Systems

STATE T0 (cm- ) Bo(cm1) Do(cm' 1 ) x 107

4.5 18 882.388 (2) 0.353001 (18) 2.87 (24)

4.5 16 594.075 (1) 0.353736 (20) 4.79 (30)

3.5 3 887.15 (16 )b 0.35751 (28) 3 .30 a

3.5 2 931.66 (15) 0.35712 (21) 3 .30 a

4.5 2 155.16 (30) 0.36264 (67) 3.30 a

3.5 2 099.16 (31) 0.35879 (71) 3.30 a

3.5 2 064.34 (13) c  0.35654 (20) 3.30 a

4.5 217.383 ( 1)d  0.362134 (20) 3.30 (28)

3.5 0.0 0.360948 (16) 3.22 (15)

la uncertainties in parentheses

a Fixed to D from the lower state of the XVII System (Q" = 3.5)

bAG1/2 = 831.73 (51)

CAG 112 = 826.47 (21)

dG12 = 831.652 (2)



-91-

Optical Optical Double Resonance Spectra

of Cerium Oxide

C. LINTON

Physics Department
University of New Brunswick
Fredericton, New Brunswick

Canada E3B 5A3

and

M. DULICK
Department of Chemistry

and Spectroscopy Laboratory
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139, U.S.A.

7 Pages Manuscript

i Page Tables

1 Page Figure Captions

2 Pages Figures



-92-

In a recent publication (l), results of some laser-

induced fluorescence experiments on CeO were outlined. From

these results, it was possible to determine the relative energies

of seven low lying electronic states and include them all on one

energy level diagram. Further experiments have led to the

addition of nine low lying states to this level diagram (results

reported at a recent meeting (2), details to be published shortly).

In addition to fluorescence experiments, optical optical

double resonance (OODR) experiments have been performed in which

CeO molecules were excited sequentially with radiation from CW

argon ion and CW dye (with Rhodamine 6G) lasers. The molecules

were formed in a Broida oven (3,4) in which CeO was made by

reacting Ce vapor with 02 or CO2. The total pressure (mainly

Argon, which was used as a carrier gas) was 4-S Torr. The argon

laser pumped a known transition and fluorescence from the pumped

excited state was monitored at a given wavelength through a

monochromator. The dye laser was scanned (multimode) and its

excitation spectrum, which was detected using a suitable filter

plus photomultiplier combination, was recorded while simultaneously

monitoring the OODR excitation spectrum as changes in resolved

argon laser fluorescence intensity. The spectra were calibrated

by passing a portion of the beam through an etalon and recording

the etalon fringes together with the excitation spectrum on a two

pen recorder. The free spectral range of the etalon was

3.054 ! 0.01 cm "1 . To get an absolute wavelength calibration,

the positions at which fluorescence from the sodium D lines

occurred were noted on the chart.
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It was observed that when resolved argon laser excited

fluorescence was monitored with a monochromator while the dye

laser was scanned, several bands in the excitation spectrum

would be accompanied by large decreases in the argon fluorescence

intensity while other bands would be accompanied by increases.

Because of the high pressure (-5 Torr) at which these experiments

were performed, relaxation between states was very probable,

especially between long-lived close-lying states. Decreases in

argon fluorescence should occur when the dye laser transition

involves the same lower state as the argon laser transition.

The dye laser would thus deplete the population of the lower

state, with the result that the argon laser can pump fewer mole-

cules to the upper state and the fluorescence decreases. This

would also occur if the lower levels were not identical, but close

enough in energy to be collisionally connected. Several argon

laser transitions were investigated: two C1 (0=3)-X 1 (Q=2) transitions

pumped by the 514.S3 nm line, the g2 (2)-X 2 (3) transition pumped

by the 476.49 nm line, and the D3 (S)-X 3 (4) transition pumped by

the 487.99 nm line.

The 514.53 nm line of the argon laser pumps two transitions,

P(25) 0-1 and R(29) 1-2 in the C1 (3)-X 1 (2) system (4). In the

first experiment, the argon laser, operating single mode, was

tuned to pump P(25) 0-1 and the monochromator was tuned to detect

Q(24) 0-0 at 493.2 nm. The spectrum, portions of which are shown

in Fig. 1, shows several large decreases (-20%) in the intensity

of the monitored fluorescence and a few increases. Many of the

bands in the excitation spectrum to which these decreases corres-

pond have not been assigned. However, decreases wert observed

- I
- " .. " I. " °'
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when the dye laser excited transitions which have been shown from

fluorescence data to be BI(2)-Xl(2) 1-1, E2 (4)-X 2 (3) 1-1 and

e2 (3)-X 2 (3) 1-1. In addition, a decrease was observed at

-S83.5 nm, which is the position calculated for the e2 (3)-X,(2)

1-1 band based on the observation from fluorescence data (1) that

X2 (3) is 80 cm-1 above X1 (2). All assigned transitions in the

Rhodamine 6G region involving X1 (2), v=l and X2 (3), v=l give

decreases in the monitored fluorescence. As the argon laser is

pumping from X1 (2), v=l, decreases are then expected for all

transitions involving this state. The additional large decreases

for X2 (3), v=l indicate that collisional relaxation between the

X1(2), v=l and X2(3), v=l states is very efficient and are con-

sistent with the states being close in energy. The banded nature

of the decreases shows that the spectra were rotationally relaxed.

However, the absence of decreases at other vibrational levels of

X1 (2) or X2 (3) indicates that vibrational relaxation is not sig-

nificant. The spectra thus confirm previous assignments of 1-1

bands. The efficient relaxation, together with assignment of

e5(3)-Xl(2) 1-1, confirm the calculated separation (1) of the

X1(2) and X2 (3) states. Fig. 2 is an energy level diagram which

summarizes these double resonances.

Other argon laser transitions were not investigated as

thoroughly as the above. In each case, just one survey spectrum

was obtained with the argon laser in multimode operation. Double

resonances involving the C1 (3)-X 1 (2) 1-2 transition pumped by the

514.53 nm line were observed by monitoring Q(30) 1-1 at 494.2 nm.

Decreases in the argon laser induced fluorescence occurred at

,|o.
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calculated positions of the 2-2 bands of the Bl(2)-Xl(2),

e2 (3)-X 2 (3) and E2 (4)-X 2 (3) transitions, but not at wavelengths

corresponding to transitions which involve any other vibrational

levels of the X1 (2) and X2 (3) states. This again illustrates the

efficiency of the collisional relaxation between the adjacent

X1 (2) and X2 (3) states.

With the argon laser at 476.49 nm pumping g2 (2)-X 2 (3) 0-0

Q(30) and the monochromator monitoring R(29), decreases were

observed in the BI(2)-X,(2) 0-0 and e2 (3)-X 2 (3) 0-0 transitions.

These are also consistent with the above mechanism. The signal

to noise ratio in this spectrum was very poor so that other

decreases probably were not detected.

The 487.99 nm line of the argon laser excited the P(37) line

of D3 (5)-X 3 (4) 0-0 (4,5). With the monochromator set to monitor

Q(36), a sharp decrease was observed when the dye laser pumped

C3 (4)-X 3 (4) 0-0. Another strong decrease was observed at the

calculated position of C3 (4)-X 3 (4) 1-0. This band head lies with-

in 2 cm -1 of the strong e2 (3)-X 2 (3) 0-0 band and had not been

detected in absorption or emission spectra. A complete list of

assigned transitions responsible for decreases in fluorescence is

given in table I.

In each of the double resonance experiments described above,

several decreases, some quite strong, could not be connected with

known transitions. As all decreases that could be assigned are

consistent with the same mechanism, it is probable that the transi-

tions responsible for the unassigned decrescs involve the lower

state of the transition excited by the argon laser, or one that is
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close enough in energy that collisional transfer is efficient.

In some cases, this could mean a choice between several candi-

dates. For example, X2 (3) v-1, u(2) v-0, and y(l) v-0 (Z) all

are within 100 cm "1 of X1 (2) v-1.

In addition to the decreases mentioned above, there were

many dye laser excited transitions that increased the intensity

.of the monitored fluorescence transition. One possible mechanism

would be that the lower state of the transition pumped by the

argon laser is being radiatively populated from the upper state

of the transition excited by the dye laser. There are several

assigned examples of this effect. When the 514.53 nm Ar + line

pumped the CI(3)-X,(2) 0-1 band, a strong increase in fluorescence

was observed when the dye laser pumped Bl(2)-X 1 (2) 0-0. This

could have been caused by an increase in the population of X1 (2)

v=l via the B,(2)-X(2) 0-1 transition which was observed to be

quite intense in fluorescence spectra. Excitation of e2 (3)-X 2 (3)

0-0 caused a very sharp increase in D3(5)-X 3 (4) 0-0 fluorescence.

The e2 (3)-X 3 (4) transition which would account for the increase

in the population of X3 (4) was prominent in fluorescence when

e2 (3)-X 2 (3) was excited. There were many more OODR increases.

All cases involving known transitions could be explained by the

above model and, in most cases, the transition responsible for

increasing the lower state population was observed to be strong in

fluorescence spectra.

The double resonance experiments described above all lead to

the same consistent interpretation of the observed decreases and

increases in monitored fluorescence intensity. While the increases

were not particularly useful here, the results highlight the value
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of the decreases. Many diatomic molecules, especially those

involving heavy atoms, have numerous low lying states which

often are difficult to link in a single energy level diagram.

Because the radiative transition probability is proportional to

3
v . these states are necessarily long-lived and collisional

redistribution is inevitable. The OODR decreases have enabled

us to determine which of these states are close in energy and to

identify heads of vibrationally excited bands which in absorption

and emission spectra, either do not appear or are obscured by

intense overlapping bands. The energy separation, AE, has been

shown to be a critical factor in determining the probability

of efficient collisional transfer between two states. The

relative importance of other factors, such as Av or AQ, could be

determined if all the OODR decreases could be assigned. The OODR

technique may also be useful in identifying those transitions

sharing a common lower state, but such experiments would require

lower pressures to minimize collisional transfer.
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TABLE I: ASSIGNMENTS OF DYE LASER EXCITED TRANSITIONS IN CeO
CAUSING CTREASES IN FUORESCENCE INTENSITY OF
TNSITIONS PUMPED BY AN ARGON LASER.

Wavelength (nm) Wavenumber (cm-1 ) Assignment

A. Pumped Transition C1 (3)-X 1 (2) 0-1; Wavelength 514.53 nm

583.54 a ,c  17 132.1 e2 (3)-X,(2) 1-1

S8 C517 049.9 e2 (3)-X 2 (3) 1-1

608 .39bc 16 432.3 B1 (2)-XI(2) 1-1

16 346.3 E2 (4)-X 2 (3) 1-1

B. Pumped Transition C1 (3)-X 1 (2) 1-2; Wavelength 514.53 nm

58 8 .1 9ac 16 996.5 e2 (3)-X 2 (3) 2-2

612.30 a 'c  16 327.4 B1 (2)-X 1 (2) 2-2

614.18 a 'c  16 277.3 E2 (4)-X 2 (3) 2-2

C. Pumped Transition g2 (2)-X 2 (3) 0-0; Wavelength 476.49 nm

S84.37 17 107.7 e2 (3)-X 2 (3) 0-0

604.58 b  16 535.9 Bl(2)-X1 (2) 0-0

D. Pumped Transition D3 (S)-X 3 (4) 0-0; Wavelength 487.99 nm

584.31c  17 109.S C3 (4)-X 3 (4) 1-0

611.19 b  16 356.9 C3 (4)-X 3 (4) 0-0

a. Relative accuracy 0.1 nm, 3 cm

b. Wavelength from ref. 5

c. New assignment
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Figure Captions

Figure 1 Optical optical double resonance spectra of CeO.

The C1 (3)-X 1 (2) 0-1 transition is excited by the

514.S3 nm line of an argon laser. The upper

spectrum shows the change in 0-0 fluorescence at

493.2 nm as the dye laser is scanned. The dye

laser excitation spectrum is shown in the lower

trace.

Figure 2 Energy diagram showing transitions responsible

for decreases in fluorescence intensity after

excitation of the C1 (3)-X 1 (2) 0-1 transition of

CeO.
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